Evaluation of carbon blacks and binders in polymer thick film resistors by Haria, Niraj
Loughborough University
Institutional Repository
Evaluation of carbon blacks
and binders in polymer thick
ﬁlm resistors
This item was submitted to Loughborough University's Institutional Repository
by the/an author.
Additional Information:
• A Doctoral Thesis. Submitted in partial fulﬁlment of the requirements for
the award of Doctor of Philosophy of Loughborough University
Metadata Record: https://dspace.lboro.ac.uk/2134/12889
Publisher: c© Niraj Haria
Please cite the published version.
 
 
 
This item was submitted to Loughborough University as a PhD thesis by the 
author and is made available in the Institutional Repository 
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence 
conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
University Library 
Ill Lo1;1gh~orough 
.Umversity 
Author/Filing Title ..... J::l.ARlA .. 1 .... N .. : ..................... . 
············································ ············································ 
Class Mark ....................... Cf ....................................... . 
Please note that fines are charged on ALL 
overdue items. 
111111 

INSTITUTE OF POLYMER TECHNOLOGY AND MATERIALS ENGINEERING 
D Loughborough 
University 
EVALUATION OF CARBON BLACKS AND 
BINDERS IN POLYMER THICK FILM 
RESISTORS 
By 
Niraj Haria 
Submitted in partial fulfilment of the requirements 
for the award of 
Doctor of Philosophy of Loughborough University 
29th April2005 
NIRAJ HARIA (2005) 
I 
u Loughborough 
University 
. 
Pilkington Library 
Date 5£:..\"'T 2oob 
Class 
---r 
~~~ olKBL~OL\-\3· 
ACKNOWLEDGEMENTS 
I would like to extend my sincere thanks to Dr M Gilbert and Dr R Heath for their supervision, 
help and support during the course of this degree. 
Special thanks to everyone who helped me at Penny & Giles, especially Tim Morris, for their 
valuable contributions and support through out this project. 
Finally, I would like to take this opportunity to dedicate my work to my family for their constant 
support and encouragement, especially my loving wife. 
ABSTRACT 
This objective of this project is to develop an understanding of the ink and its interaction with 
substrate of Penny & Giles controls Ltd's conductive plastic potentiometers, so as to develop 
alternate ink, substrate and processing methods. Conductive plastic potentiometers comprises, a 
track containing polymer binder and carbon black, printed on a base plastic substrate. The 
objectives have to take into account the performance ofthe potentiometers, which are to be 
improved or maintained. 
The first stage of the project was concerned with investigating the properties of the carbon black 
used in the inks, which have a major effect on the performance of the potentiometers. Ten 
different carbon blacks with different properties were selected. The carbon blacks properties for 
most of these were characterised by techniques that included transmission electron microscopy, 
x-ray photoelectron spectroscopy, differential scanning calorimetry, laser induced mass 
spectrometry and the scanning electron microscope. Inks were made with most of individual 
carbon blacks, and then tracks were produced on the diallyl phthalate plastic substrate. The 
electric resistance of these tracks was measured allowing the effect of carbon black properties on 
performance of the track to be studied. Various carbon black were found to provide similar 
performance to the Vegetabke MR842N, carbon black used currently. 
The next stage was the investigation of effect of binder on the performance of resistor using the 
same techniques as used in the first stage so that comparison could be made with the current 
binder. A phenolic binder was used and again showed similar properties to the DAIP binder used 
currently 
Keyword: Carbon black, polymer thick film resistor, Diallyl Phthalate, volume resistivity, 
Linearity 
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1 INTRODUCTION 
1.1 BACK GROUND 
Penny & Giles Contro ls, the sponsors of the research project, produce potentiometers fo r control 
and feedback solutions across a wide appl ications spectrum. Aerospace products include position 
sensors used for flight data recording, flight control systems and engine control systems. In the 
automotive field. potentiometers are used as position sensors for the engine control of 
automobiles. Potentiorneters as sensors are also in use in process control, medica l. marine. 
broadcasting and reco rding industries. 
Before describing what a potentiometer is and how it works, a brief overview of resistance and 
resistivity is necessary. 
Figure 1.1 A udiovisua/ products am/ joysticks from Penny & Giles Controls 
1.1.1 Resistance and resistivity 
In an electrical circuit, resistance is opposition to the flow of electrons (current) through a 
material in response to an applied vo ltage. Conductors such as metals have very small 
resistances and allow electrons to flow easily if a vo ltage is applied. Insulators, such as 
plastics have large resistances and do not allow electrons to flow easily. 
Ohm's law gives the relationship between current. vo ltage and resistance in a conductor: 
V =IR Equation 1-1 
Where V is the voltage measured in volts, I is the current measured in amperes and R is the 
resistance measured in ohms. The resistance itself is not a material constant because it 
depends on the dimensions of the sample. The resistance R of a given conductor is 
proportional to its length L, and inversely proportional to its area of cross-section A. 
The material constant, which can be extracted from the resistance measurements, is p, the 
electrical resistivity. It does not depend on the geometry of the sample. 
R =p (UA) Equation 1-2 
In section 2.4.2 , electrical resistivity is defined in analogy to mechanical properties. 
1.1.2 Principles of potentiometer 
A potentiometer is typicaUy a manuaUy adjustable, variable, electrical resistor used to control 
voltage. Potentiometers are employed for detection and feedback control functions because 
they are capable of accurately detecting positions, angles, and e.t.c. { 1} 
Potentiometers have a resistive element of either carbon composition or wire that is 
connected to two terminals (input voltage). A third terminal is attached to a movable wiper 
(output voltage), which slides along the resistive element. 
V in 
R V out 
Figure 1.2 Measurement of position by a potentiometer 
R is the total resistance of the resistor. If r is the resistance proportional to the distance or 
angle moved by the slider, the Vow. the output voltage will be proportional to the distance. 
Obviously V;n, the input voltage must be a stable reference voltage. 
The output voltage is given by 
2 
Vom = (r/R) Vt11 Equation 1-3 
Therefore potentiometers are "absolute" transducers meaning that they provide an output 
vo ltage proportional to their position. 
1.1.3 Conductive plastic potentiometers 
Potentiometers initially were mostly wire wound. which used a metal resistance wire. A 
covered resistance wire is close wound around a cover-insulated metal core and then the 
resistance wire cover is removed from that part of the wire, which is to serve as the sliding 
surface { 2} . 
However. conductive plastic potentiometers have been used extensively in recent years. The 
conductive plastic potentiometer consists mainly of a resistor ink track comprised of carbon 
or other electro conductive substances and polymer binder, on an insulated support (plastic 
substrate) as in Figure 1.3 
Input terrnjnal 
Figure 1.3 
Carbon black resistor track 
Base substrate 
Outout terrnjnal 
Input terminal 
Silver track termjnation 
Linear conductive plastic potentiometer 
At Penny & Giles. the base plastic substTate is poly ( diallyl phthalate) (OAP). The resistor 
in~ which is manufactured in house. contains carbon black dispersed in a prepolymer 
solution of diisoallyl phthalate D!AP (polymer binder) together with other additives. After 
the ink i cured. it forms a polymer thick film (PTF) resistor on the surface of a plastic 
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material { 2}. The input resistor track is terminated onto precured silver conductor tracks i.e. 
the silver tracks are printed at end of the tracks. The movable wiper or sliding contact is 
precious metal, having multiple contacts with different spring lengths and resonant 
frequencies to eliminate contact resistance under vibration conditions { 3}. 
The printing of the polymer thick film resistors onto plastic substrates can either be an 
integral part of the moulding or extruding process, or carried out in additional operations. 
Direct screen printing of moulded plastic parts is commonly used. In mould decoration { 4} 
involves the use of a pre printed carrier (at Penny & Giles, an aluminium plate is used) , 
which is placed in an mould before resin shoots into the mould. After moulding, the carrier is 
discarded leaving the decoration on the first surface of the moulded part. The decoration is 
transferred using heat from the moulding process. 
Conductive plastic potentiometers (CPPs) are much better in performance than the wire 
wound versions { 2}. In general, CPPs are guaranteed to permit 50 million to I 00 million 
slider revolutions at the rate of 500 rpm { 2}. Potentiometers are produced in a number of 
different sizes and configurations (as seen in) and may comprise several sections ganged 
together in a housing { 3}. 
The output resistor track is actually printed on top of a precured silver conductor track and its 
function is simply to provide a similar feel of the surface to the wiper, which the input 
resistor track provides. 
4 
~~~~ 3~ ~ 
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.. . - - ·- -. . ' . ·- .. 
Figure 1.4 Range of Conductive pia tic potentiometers 
At Penny & Giles Controls. the conductive plastic track technology for potentiometers is 
used for audio/video faders. joystick controllers and aerospace products. The resistor ink used 
for the fader is slightly different. in that PTFE is present in its formulation. This imparts rub 
resistance to the ink and is required for the feel of the fader. 
The main concern for Penny & Giles is the uncertainty in the continuity of supply of the base 
polymer substrate OAP. which is acquired rrom a single source. The ink constituents are also 
unique to the suppliers and therefore again. in case of discontinuity by this suppliers would 
be detrimental. 
As wi.th any product. the end performance is very critical. The performance ofpotentiometers 
is attributed to the features of the substrate as well as the resistor (and constituents). Some of 
these features cause limitations on the product. The performance features of the PTF resistor 
are as follows; 
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• Resistivity 
As described in section 1.1.1 
• Linearity 
An ideal linear variable resistor has a constant resistance change for each equal 
increment in linear movement of the slider. Linearity is the amount by which actual 
resistance at any point of the PTF resistor varies from expected straight line of a 
''resistance vs. movement" graph. As the PTF resistor forms a flat track with a certain 
width, part of it can be trinuned for linearity modification. 
• Equivalent noise resistance CENR) 
This is the slider noise, also referred to as contact noise, which arises from interaction 
between resistor tracks and the sliding element. There is a characteristic contact 
resistance, generally constant at 1-2% of the total resistance and this is the one 
disadvantage of CPPs. 
For the base plastic substrate, higher temperature stability and more efficient processabilty 
would be highly desirable. 
6 
1.2 AIMS AND OBJECTIVES 
The main aim of the research project is to obtain the most favourable combination of polymer 
binder, carbon black and base substrate so as to achieve optimum performance of the 
potentiometer, as well as enabling efficient processing and flnishing. This would involve gaining 
a deeper understanding of the ink and its constituents as well as the ink-substrate interaction with 
relation to the performance of the resistor (structure property relationship) 
The speciflc objectives of the project are as follows; 
I. To study the effect of carbon black properties on the performance of the PTF resistors. 
2. To investigate the effect of ink composition on performance of PTF resistors. 
3. To investigate the ink-substrate interaction. 
By comparing the performance of PTF resistors with different carbon blacks (different 
properties), the fust objective was achieved. Studies relating to the fust objective have been 
carried out and are described in the report (section 3.1.1). 
The second objective was achieved by comparing performance of PTF resistors with varying 
carbon black concentrations. This investigation was carried out using different carbon blacks, 
selected from the studies related to the fust objective. 
The flnal objective involved studying the compatibility of the ink and base substrate, and 
included an investigation of a different polymer binder and carbon black combinations. 
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
In this chapter, the different components of the potentiometer are reviewed. In section 2.2 a 
general review of printing inks is carried out before polymer thick film resistor inks are 
discussed. Polymer binders are also briefly discussed in the section. Carbon black and carbon 
black polymer composites are then reviewed in section 2.3 and section 2.4 respectively, before 
going on to plastic base substrates in section 2.5. Finally, the current understanding of ink-
substrate interaction is considered in section 2.6. 
2.2 PRINTING INKS 
2.2.1 Introduction 
Before focusing on the resistor inks, it is important to have a basic knowledge about printing 
inks. The term "polymer thick film" is used to differentiate the printed polymer ink method 
from other printed circuit methods, since photo irnaging processes used for the majority of 
the circuits do not involve any form of printing { 5). 
Printing inks are complicated mixtures of chemical compounds. They consist of a mixture of 
colouring matter (pigments) dispersed or dissolved in a vehicle or resin carrier, which forms a 
fluid or paste that can be printed on a substrate and then dried. The composition of a printing 
ink varies for different printing processes, by substrate and by the solvent base, be it oil based 
or water based. It also varies by the drying mechanism. 
The vehicle is everything in the ink except the pigment. Varnish is often used 
interchangeably with vehicle, but actually vehicle consists of varnish plus performance 
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additives and solvent/diluents. As suggested by the name, the vehicle transports the pigment 
from the ink fountain to the substrate. Varnishes must be chosen to wet the pigment. If they 
do not wet the pigment, suspension is virtually impossible and the ink will not have the 
desired rheological properties. 
There are four principal classes of printing ink, which vary considerably in physical 
appearance, composition, method of application, and drying mechanism These also fall into 
two general types of viscosity, paste and liquid. The classes are letterpress and lithographic 
(litho) inks, which are called paste inks, and flexographic and gravure inks, which are called 
liquid inks. It is important to know about the two key properties of inks i.e. their rheology 
and drying properties. 
A. Rheology 
Rheology is the study of the flow and deformation of matter { 6}. The printer is primarily 
interested in the flow of liquids (inks and varnishes). Rheology enables one to quantify 
properties such as viscosity and yield value. 
Viscosity is a measure of a fluid's resistance to flow. It is the ratio of shearing stress (force 
per unit area) to shearing rate (strain rate or velocity gradient of flow). 
Fluids for which viscosity is constant, regardless of the shear rate used to measure it are 
called Newtonian fluids (see Figure 2.1). Water and liquid hydrocarbons are Newtonian 
liquids. 
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Shear stress 
Shear rate 
Viscosity 
Shear rate 
Figure2.1 Behaviour of Newtonian liquids 
Fluids for which viscosity changes as shear rate varies are called non-N ewtonian fluids. This 
gives rise to apparent viscosity. Printing inks are non-Newtonian. Non-Newtonian fluids are 
further classified as 
l. Ideal plastic fluids 
2. Pseudoplastics 
3. Dilatants 
4. Thixotropic 
An ideal plastic fluid does not flow initially as applied stress is absorbed to break down 
attractive forces. Flow connnences only when the shear stress reaches a specific yield value. 
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Once flow starts, the slope of the stress versus shear rate curve is linear (see fig 2.2). 
Crowded disperse substances like heavily pigmented printing inks behave in such a manner. 
Shear stress 
Shear rate 
Figure2.2 Behaviour of an ideal plastic 
A pseudoplastic fluid is one in which the viscosity decreases with increasing shear rate (see 
fig 2.3). Such fluids are also called shear thinning. However at high shear rates, fluid 
behaves as an ideal plastic. Many polymeric liquids and suspensions such as printing inks are 
shear thinning due to long chain molecules, which result in decrease in viscosity due to 
untangling of the chains. 
Shear stress 
-
Shear rate 
Figure2.3 Behaviour of pseudoplastic fluids 
A dilatant fluid is one for which the viscosity increases with increasing shear rate i.e. 
becomes more solid (figure 2.4). Such fluids are also called shear-thickening. Shear-
ll 
thickening may occur for inks where the lightly wetted pigment particles tend to pack to form 
rigid structures. 
Shear stress 
Shear rate 
Figure2.4 Behaviour of dilatant fluids 
Most inks are thixotropic, i.e. apparent viscosity decreases with time (figure 2.5). On removal 
of shearing action, viscosity increases. This is generally associated with some sort of gel 
structure, which is broken down by stirring. Generally shear thinning and thixotropy go 
together, but not always. Thixotropy is essential to the performance of some inks in 
particular, allowing them to flow more easily when "worked" by the rollers in the ink train. 
Shear stress 
.... 
Shear rate 
Figure 2.5 . Behaviour of thixotropic fluids 
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Ink flow behaviour is strongly dependent on temperature. Thus, during measurement it is 
important to carefully control the temperature. The viscosity of a liquid generally decreases 
with increasing temperature. 
Conventional methods for measuring viscosity are with a capillary viscometer, a falling 
sphere viscometer, a rotational viscometer, such a Brookfield, a cone and plate viscometer 
and a falling bar viscometer. The effective viscosity for liquid printing inks is measured using 
a cup viscometer, which is a cylindrical cup with a capillary (Shell cup) or a machined hole 
(Zalm cup), which controls the rate of liquid from the cup. These may be calibrated with an 
oil of a known viscosity. 
B. Drying characteristics 
There are many mechanisms by which liquid ink leaves a solid permanent mark. This is 
referred to as ink drying and can be physical, chemical or a combination of both. They are as 
follows (7}. 
i) Absorption drying 
Ink dries by absorption when it penetrates by capillary action between fibres of a substrate 
and also when it is absorbed into the substrate itself. Ink remains liquid but because of the 
degree of penetration is effectively dry. 
ii) Oxidation drying 
In this case, the oxygen in the atmosphere chemically combines with the resin system 
converting it from a liquid to a solid. Process is slow, taking several hours and the ink fihn 
will remain tacky for a long time. On absorbent substrates, quick setting takes place which 
combines absorption drying with that of oxidation. The fluid component of the ink can 
separate from the rest of the ink and be preferentially absorbed into the substrate leaving 
film of ink on the surface, which is dry to the touch but still soft and moveable. However 
as auto oxidation proceeds, the ink fihn becomes hard and tough. The oxidation process 
can be affected by a number of factors, including pigment and additives, as well as the 
printing process and the substrates. Inks undergoing such drying usually contain drying 
oils reacting with oxygen and metallic driers as catalyst. 
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iii) Evaporation drying 
These dry by the physical removal of volatile solvents from ink formulation, leaving the 
resin material behind to bind the pigment to the substrate. Rate of drying depends on 
evaporation rate of the solvents selected and also the affinity of the resin system for the 
solvents. Web offset and letterpress inks, which dry by evaporation are called heat set 
inks. However flexographic and gravure inks have more volatile solvents than heat set 
inks. 
iv) Chemical drying 
This is for systems comprising a polymerisable compound with a catalyst, and sometimes 
heat, to set off a chemical cross linking reaction. Others rely on the reaction of at least two 
different chemical types which when mixed together combine to produce a solid that binds 
the colourant to the substrate. Each of the systems used has its own specific conditions 
under which the chemical reaction occurs and gives the dry ink film required. 
v) Radiation induced drying 
UV drying employs a process known as photo polymerisation. UV inks contain photo 
initiators, which absorb UV radiation and produce free radicals. These free radicals initiate 
a chain reaction with the ink vehicle, which rapidly polymerises and changes from a fluid 
to a highly cross-linked solid, the dried film. 
Infrared radiation is used as means of efficiently providing heat and is widely used to 
bring about the evaporation of volatile solvents. It assists penetration and speeds up auto-
oxidation. 
vi) Other mechanisms 
a) Precipitation 
In this case the binder precipitates. Diluents such as water in the form of 
steam cause solubility of resin in ink film to decrease sharply. Other 
systems utilise resins held into solution in a poor solvent by means of 
small amount of an excellent solvent. When printed, the solvent is 
absorbed reducing the content of the excellent solvent, which causes the 
resin to precipitate. 
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b) Cold setting 
Also called hot melt, inks are applied to substrate in a molten state and 
upon cooling form a dry ink film 
c) Gelation drying 
In this case, the system comprises fine particles of high molecular weight 
polymer dispersed in a plasticiser. At room temperature, dispersed 
polymer behaves like pigment but at elevated temperatures it solvates, 
causing gel formation, which is dry to touch. 
2.2.2 Polymer thick film resistor inks 
These inks are in effect screen inks, which in general are intermediate in viscosity between 
fluid flexographic inks and the paste like lithographic inks. Polymer thick film inks/pastes 
comprise functional filler suspended in polymeric binder. 
As described earlier, the inks made in house at Penny & Giles comprises of carbon black, 
diallyl isophthalate monomer resin together with t-butyl perbonzoate catalyst, a wetting 
agent, N-butyllactate solvent and in some cases, purified talc as the extender. 
Generally the ink/paste is deposited at a cured thickness of 25-301lffi {5}. After curing, the 
ink solidifies and becomes electrically conductive with values ranging from a few ohms to a 
few million ohms. Curing for polymer thick films is generally achieved by heating the 
substrate for a specific time at a peak temperature in the range of 175°C - 220°C. For the 
DAIP based ink, the curing takes place at 160°C. The cured polymer thick film resistor is in 
fact a carbon black composite. 
The polymer binder, diallyl isophthalate, generally dissolved in solvent, makes up the 
continuous phase, which is a carrier vehicle for particles. As the solvent evaporates in 
thermoplastic systems or the prepolymer chemically polymerises in the case of thermosets, 
the hardened polymer holds the particles in place and provides the adhesion to the substrate. 
Polymers and majority of other organic materials are natural dielectrics. There is a large 
range of polymers that are used as binders for printed resistors. Thermosets form the most 
stable resistors with the best wear characteristics { 5}. 
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Several types of mills can be used for manufacturing the ink. Carbon is purchased in 
agglomerated form for easy handling. The agglomerated carbon is first wet down with 
solvent or dissolved resin before breaking up the agglomerates by milling. 
Screen-printing is a near universal method of PTF application. The screen printing process 
involves moving a squeegee across a screen mesh, which is patterned, into the desired circuit 
array by means of a stencil. The stencil film blocks out areas of the screen where no ink 
pattern is desired. During printing, the frame is supplied with ink, which is flooded over the 
screen. A squeegee is then drawn across it thereby forcing the ink through the open pores of 
the screen while at the same time the substrate is held into contact with the screen and the ink 
is thereby transferred to it. 
Rheology is most critical for screen inks. The screen inks have to be non-flowing and 
coherent while stagnant at the beginning and end of cycle and yet sufficiently mobile under 
the shearing forces of the squeegee to flow through the mesh to the substrate, without the 
screen sticking onto the substrate { 8}. It is the thixotropic nature of the inks that makes them 
become fluid when sheared with a squeegee. Once on the substrate, the ink should continue 
to flow just long enough for the individual cells to join and form a continuous film with a 
smooth surface. 
Resistor inks are commercially available in decade series such as lOOn, 1000 n, 10000 n. 
These are blended in ratios to achieve a volume resistivity that will produce PTF resistors 
(tracks) of specific value. 
In the case resistor inks produced at Penny & Giles, there are three prime inks i.e. 65%, 50% 
and 41%, (the values denoting weight ratio of carbon black in comparison with the polymer 
resin). Higher volume resistivities are often obtained by reducing the carbon to binder ratio. 
There is a clear relationship between volume resistivity and carbon/binder ratio { 9}. The 
three prime inks are mixed/blend together with each other in different ratios to give 26 
resistive inks with different volume resistivities. 
When resistors are cycled through a cure process, the resistance will decrease while 
undergoing a particular temperature cycle (l60°C and 16hrs minimum). This difference in 
resistance after successive cure cycles is known as the delta value. Fully cured resistors will 
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usually continue to decrease in value with each successive cure cycle and the delta value will 
also be reduced with each cure cycle. 
The resistance of tracks, ENR (equivalent noise resistance) i.e. noise due to interaction of 
track and wiper (contact resistance) and linearity (uniformity of track) are very critical in 
terms of the track performance. These have to meet the specific requirements of the product. 
The stability of the resistor track with respect to slider motion is also an important 
performance property. There are several tests done to assess the conformity of the tracks to 
the requirements. One of the most important tests is the life test. The wiper slides over the 
track at one cycle per second for up to I million cycles and resistance, linearity and ENR are 
measured initially and after various specific number of cycles. Other tests include moisture 
tests and temperature tests, which give results about effect of moisture and temperature 
respectively. 
2.2.3 Polymer Binders 
These are classified into thermosets and thermoplastics. Each system is very different 
especially in terms of hardening mechanisms and processing requirements. 
Thermoset binders {5} are cross-linked polymers with 3D structure. The crosslinks prevent 
mobility at even high temperatures. The material does not melt, although some softening can 
occur at high temperatures. The softening point may be the temperature at which thermal 
degradation occurs. As unmodified thermosets are hard and brittle, they cannot be used as 
polymers binders on flexible substrates. 
As solubility is very limited and the application requires a liquid system, polymer precursors 
or low molecular weight polymers called oligomers, which can be further polymerised after 
application, are used. These prepolymers are readily soluble in polar solvents. Addition of 
thinner can only be avoided, if the prepolymer can form a composite which has a low enough 
printable viscosity, on addition of the solid ingredients. In many cases, the thermoset 
monomers and oligomers are solids and therefore use ofthinners is a necessary. 
Limitations of using thermosets are the high curing temperatures and the long heating times. 
Thermoplastics { 5} are compatible with some solvents. It is this solubility of thermoplastics 
that make them useful as binders. Ink pastes are easily made by dissolving thermoplastic 
polymers in a solvent or a tailored blend of solvents, to produce the liquid or paste properties 
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needed for application methods like screen printing. The polymer must have appropriate 
solubility characteristics and solvent release properties to be commercially useful as inks. 
Popular thermoplastics include acrylic, acrylonitrile butadiene ABS, cellulose derivatives, 
polyamides, polycarbonates, polyesters, thermoplastic type polyurethanes and vinyls. 
Polyesters are widely used, mainly due to their availability in a wide range of molecular 
weights. Varying the molecular weight, which has a substantial effect on melting point and 
solubility, allows one to tailor these properties. For resin compatibility, the simple rule of like 
likes like is important. Modified polyesters are also available with functional groups that aid 
in adhesion. A blend of high MW and low MW polyesters is often used, with the softer resin 
aiding in adhesion and the harder resin providing cohesive strength and improved abrasion 
resistance. Most importantly, many other families of resins are compatible with polyesters. 
The second most popular class of thermoplastic binders for resistor inks are vinyl resins 
based on poly (vinyl chloride), as well as non-chlorinated vinyls. The resins are very polar 
due to the highly electronegative chlorine atom in the structure. Vinyls also have good 
adhesion to a variety of plastics and ceramic. However PVC resins can decompose at high 
temperatures to release hydrogen chloride gas. 
A. Diallyl lsophthalate (DAIP) 
Diallyl phthalate is an allyl and is considered to be part of a large family of polyester resins. 
There are two commercial forms of diallyl phthalate resins: the ortho-resin diallyl phthalate 
(DAP) and the meta-resin diallyl isophthalate (DAIP). They have excellent chemical 
resistance, low electrical loss, excellent weathering, very low mould shrinkage and good 
dimensional stability { 10}. Diallyl phthalate resins are products of the reaction of allyl 
alcohol and an organic acid or anhydride. 
Depending on the choice of anhydride, a series of allyl monorners can be created. 
Polymerisation and cross linking (figure 2.1 0) of the allyls occur via a peroxide induced 
addition reaction through the ally unsaturation { 11 }. The catalyst used at Penny & Giles is t-
butyl perbenzoate. Others that can be used include benzoyl peroxide or dicumyl peroxide. 
Allylic polymerisation is very slow at room temperature. Cure rate proceeds very rapidly 
once temperature exceeds 150°C { 11 } . Due to the vinyl type addition mechanism, no 
volatiles are released during cure. 
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Figure2.6 polymerisation of diallyl phthalate resin {12} 
B. Phenolics 
Phenolics are one of the oldest synthetic polymer materials. Phenolics have been referred 
to as the workhouse of the thermoset family. Its success has been attributed to its 
versatility, which include low to moderate cost, ease of manufacture and low smoke, 
toxicity & flame spread upon ignition. 
Phenolics are produced by condensing phenol and formaldehyde (figure 2.7). Phenol is 
reactive at 2,4,and 5 positions and will condense with formaldehyde ultimately forming a 
densely crosslinked network. A catalyst is employed though, because without it 
temperatures of above 200°C and pressures of above atmospheric are needed. Water is a 
by-product of the reaction. Viscosity, water solubility and dielectric strength are some 
properties that are dependent upon the initial amounts of formaldehyde, phenol, catalyst 
and solvents. 
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Figure 2.7 Reaction of phenol and formaldehyde {13} 
The -CH2- bridges between phenol molecules are essential to the final cure. They are 
typically called methylene bridges. If the phenolic resin does not have sufficient CH20H 
groups, the typical precursors to the methylene bridge, then the resin will not fully cure. 
Such resins are known as novalacs and need an additional source of methylene bridges. 
These are provided either by a CH20H rich resin (resoles), additional aldehyde, 
hexamethylenetetramine or certain ester structures. 
Novalacs and resoles can be reacted with, either epoxy or isocyanates. Such a reaction will 
typically toughen the normally brittle phenolic and improve the temperature resistance of 
the epoxy or isocyanate. Another advantage of reacting a phenolic with epoxy or 
isocyanate is that with a proper choice of phenolic the reaction will proceed without the 
liberation of void forming water vapour. 
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Phenolics owe their very good temperature resistance to their oxidatively resistant 
aromatic structures and the fact that they can be made to cross-link at three points on the 
phenolic molecule. This forms a network polymer, which cannot be broken down with 
heat. 
Rosin modified phenolic resins have widespread use in all types of ink vehicle system and 
there are many grades commercially available. 
Rosin is natural resin derived from pine trees. It consists largely of abietic acid (figure 2.8) 
and laevopimaric acid. 
CH, 
Abietic acid Laevopimaric acid 
Figure2.8 Structures of Abietic acid and Laevopimaric acid {13} 
Rosin is reacted with an oil reactive phenolic resin at temperatures of 150°C. The 
temperature is then increased to 250°C in the presence of glycerol or other polyol in order 
to esterify the rosin acids. The rnethylol groups of the pure phenolic resin react with the 
unsaturated centre of the rosin acid in preference to the carboxylic acid groups in rosin. 
The reaction mechanisms and structure of rosin modified phenolics is not fully understood 
and is assumed to be as in figure 2.9. 
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Figure2.9 Structure of rosin modified phenolic resin {13} 
The monofunctional rosin acids are transformed into a polycarboxylic acid polymer 
(polyester). 
Rosin modified phenolic resins are soluble in oils and aromatic hydrocarbons. They 
usually need heating to quite high temperatures to achieve solution. 
The functional properties of the modified phenolic resin depend on many factors including 
the chemical identity ofthe susbtsituted phenol. 
2.3 CARBON BLACK 
2.3.1 General 
Carbon black is mainly used as reinforcing filler for rubber but is also used, to impart a 
variety of desirable characteristics to plastics, like opacity, colour, electrical conductivity and 
UV protection { 15}. 
It is a fine - particle, paracrystalline form of carbon (small regions of a primary particle have 
a crystalline nature) {16}. Planes within the lattice are not ordered, but slightly staggered in 
relation to each other. The primary particles are spherical and have joined up to form larger 
aggregates. The mean primary particle size for a fine particle product is I Orun and for the 
coarsest grade is I OOnm { 16}. 
22 
Most carbon blacks are supplied in form of powders and granules. Powders can be easily 
dispersed but are bulky and form dusts. Granules give rise to no dust and are less voluminous 
but are more difficult to disperse, as they are denser and compact. Granular carbon black 
should be dispersed in a ball mill, using steel balls as grinding medium. 
Patterson { 15} suggests that the key factors to consider when choosing carbon black to 
incorporate in plastics are 
1. Particle size 
2. Structure 
3. Surface chemistry 
4. Density of grade 
Particle sizes, aggregate sizes and aggregate shapes vary over a broad range within and 
between the different grades. Also properties can be enhanced by additional chemical 
treatment of the carbon black particle surface. 
Depending on the manufacturing processes, carbon blacks with different physical and 
chemical properties are produced. The different types of carbon black are as follows 
A. Furnace Blacks 
90% of the world production of carbon black is obtained by the oil furnace process from 
liquid, aromatic hydrocarbons { 15 } . Its particle size varies between 10 and 80 run. The 
difference from other carbon blacks is its surface character. Furnace blacks have relatively 
neutral pH surfaces, however they may be oxidised to alter properties. 
Furnaces are operated on an all gas or all oil basis or a combination of both {17}. Oil 
feedstock, highly aromatic in nature, is introduced into a heated chamber, which contains 
the combustion products of an oil or gas flame. The injected oil is thermally decomposed, 
forming carbon black particles. This is then quenched with water, separated from the gas 
phase and finally collected. The physical and chemical properties of carbon black 
produced are dependent on the selection of raw materials, velocity and configuration of 
ingredient addition, temperature and furnace design. 
23 
B. Channel Blacks 
These have a mean particle size is between I Onm-30nm { 16}. 
Their manufacture involves long rows of small natural gas flames, which are allowed to 
impinge on channel irons upon which the carbon is formed. The carbon black is scraped 
from the channels and collected. The gas feedstock is enriched with oil in current 
manufacturing methods { 17}. 
Channel blacks come into contact with plenty of atmospheric oxygen during manufacture 
and therefore have low pH because of chemisorption of oxygen containing groups on the 
surface. 
Channel black production and consumption has decreased dramatically because furnace 
blacks can be used in most applications where channel blacks were being used. Oxidised 
furnace blacks can also be used in applications where acidic carbon blacks are required. 
The furnace process is also a more efficient, flexible and environmentally friendly 
technique for carbon black production. 
C. Lamp blacks 
Lamp blacks are of greater significance to the coatings industry. They are typically of 
large particle size (SOnm -IOOnm) and high structure {17}. They are also referred to as 
vegetable blacks. The carbon black used currently at Penny & Giles is a Vegetable black 
MR842N 
Vegetable blacks are produced by burning petroleum products in restricted air supplies. A 
lamp black surface is low in oxides and has a neutral pH value. Lamp black replacements 
made by the cleaner furnace process are often used in recent years. 
D. Thennal blacks 
These are very coarse in particle size (150nm-500nm), show relatively little tendency to 
aggregate into chain structures (therefore low structure) and contain virtually no 
chemisorbed oxygen { 17}. Due to their properties and low cost, they are widely used as 
fillers in plastics and elastomers. 
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Thermal blacks are produced by the thermal decomposition of hydrocarbon gases in an 
oxygen-deprived environment. Gas is forced into a pre-heated refractory where it is 
decomposed, forming carbon black and hydrogen. The reaction is endothermic and 
requires periodic application of external heat. 
E. Acetylene black 
Like thermal blacks, these are fonned from thermal decomposition, but unlike the thermal 
process, acetylene black's decomposition liberates heat, maintaining the reaction without 
the application of additional heat { 17}. 
Acetylene blacks are coarser than thermal blacks, with sizes varying between 350nm-
500nm. Their extremely high structure has led to their use in dry cell battery applications. 
The high structure and low volatile content also result in exceptional electrical 
conductivity when compounded in plastics. The same degree of conductivity can also be 
achieved with specially designed furnace blacks as well. 
2.3.2 Fundamental properties 
A. Particle size and surface area 
During the carbon formation reaction, the liquid feedstock decomposes to form carbon 
radicals and fragments which recombine to form spherical primary particles of carbon 
black. 
The average diameter of a primary particle is from 1 Onm-1 OOnm. The corresponding 
surface area, per gram of carbon black is 25m2 for coarse particle grade to I 500m2 for fine 
particle grades. 
As expressed by Schafer { 16}, the properties affected by particle size are 
1. Dispersing behaviour 
2. Rheology 
3. Weathering (deterioration of substances due to exposure to UV rays of sunlight). 
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Surface area describes the size and porosity of individual particles in a primary aggregate. 
For non-porous blacks, the surface area exhibits inverse correlation with particle size 
{ 18}. Surface area does not provide distributional information. Porosity can be classified 
as open or closed porosity. Open porosity takes into account small pores of undefined 
shape on the surface, which may or may not provide access to internal voids. Closed 
porosity is concerned with internal voids not accessible from the surface. 
The types of adsorption methods for determining surface area include { 18 } : 
a) Nitrogen Surface area (ASTM D3637) 
For non-porous black the nitrogen surface area values are in good agreement with electron 
micrograph surface area (EMSA). Therefore nitrogen surface area can be said to take into 
account micro porosity. 
b) CTAB (Cetyl trimethykammonium bromide) Surface area (ASTM D3765-99) 
This does not take into account porosity, as CTAB molecules are much larger than 
nitrogen. Therefore for porous blacks, the CT AB surface area will be approximately equal 
to the electron micrograph surface area. 
Particle size is significant in determining rheological properties of polymer filled with 
pigment. Higher surface area grades are more difficult to disperse due to the greater 
number of contacts between aggregates. Higher surface area grades also tend to tie up 
more resin per unit weight of black resulting in stiffer compounds. Higher surface area 
grades have more aggregates per unit weight resulting in smaller inter-aggregate distances. 
This results in greater ease of electron transfer from one aggregate to another and therefore 
these produce compounds, which are more electrically conductive at a given loading. 
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Figure 2.10 Typical performance properties related to carbon black particle 
size/surface area {18} 
Electron microscopy is a very important teclmique in measuring particle size distnbutions 
despite obvious problems of defining particle boundaries { 19}. Generally transmission 
electron micrography is used because of their high resolution {20}. TEM provides deailed 
information in selected areas of sample but cannot address statistically large areas {21} 
Diameters of particles are measured manually from enlarged micrographs. The electron 
microscope area is then { 18} 
S EM=6x UYI (Ds 
t; = Density of carbon black in g/cm3 
Ds = Diameter of particle in nm 
B. Aggregate size and structure 
Equation 2-1 
In the reaction zone, carbon black primary particles fuse together into clusters known as 
primary aggregates. An aggregate is a discrete, rigid colloidal entity that is the smallest 
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dispersible unit. It is composed of extensively coalesced particles { 40}. Agglomerates 
comprise of large number of aggregates, which are physically held together as opposed to 
the continuous graphitic structure, which links the particles in aggregates. The extent of 
primary particle aggregation is controlled in reactor and is called structure { 15]. 
Grades can be classed as high structure grades or low structure grades. Structure is 
measured by DBP (dibutyl phthalate) absorption { 18 ]. It characterises the size and shape 
of primary aggregates. Aggregates with a highly open, branched structure are capable of 
absorbing more vehicle both internally and in voids between them and other aggregates in 
comparison to closely packed particle aggregates {I 8 } . High structure grades (high 
aggregate structure) therefore have higher oil absorption { 15]. Oil absorption values of 
furnace blacks range from 45 - 330cm3 per I OOg of carbon black. 
CDBPA absorption (DBP absorption of compressed carbon black) can approximate the 
level of aggregate structure that may exist after a carbon black is mechanically mixed into 
a vehicle system {I 8]. Comparison of standard and compressed DBPA values provides an 
approximation of stability of carbon black aggregate structure. Higher structure carbon 
black show greater drop in DBPA with compression than lower structure types. 
There is a void volum determination method which was considered as a replacement for 
DBP absorption for determination of structure of carbon black { 23]. It assesses a primary 
property of carbon black i.e. volume of a given weight of carbon black under a given 
pressure which is not filled with the carbon material. However in industry, DBP 
absorption is use the standard. 
Structure is even more significant in determining rheological properties of polymer filled 
with carbon black {17}. Larger spaces that exist within aggregates of high structure grade 
tie up more resin, thus increasing viscosity. Higher structure grades also tend to give 
stiffer compounds. Higher structure grades are easier to disperse because their larger 
bulkier aggregates cannot pack together as tightly. Higher structure blacks create more 
irregularly shaped aggregate, which provides more potential paths for electron transfer 
through the plastic, which translates to increasing electron conductivity. 
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Figure 2.11 Typical performance properties related to carbon black structure {18} 
C. Surface Chemistry 
Apart from particle size and structure, surface chemistry can be critical in the selection of 
carbon blacks. Surface chemistry relates to the degree to which oxygen-containing groups 
are attached to carbon surfaces {17}. All carbon blacks have chemisorbed oxygen 
complexes or volatile content on their surfaces. The degree to which this is so varies 
according to conditions of manufacture Treatment in an oxidative process after 
manufacture increases amount of oxygen adsorbed on their surfaces. Some of the 
characteristics that can be enhanced include { 16} 
• Dispersing behaviour 
• Rheology (especially in mill base) 
• Weathering resistance 
Oxidised carbon blacks are more uniformly and densely dispersed { 16}. 
The oxygen containing functional groups on the surface of aggregates are believed to be 
attached to the edges of the graphitic layers. Various groups have been identified including 
phenolic, quinonic, carboxylic acid and lactone groups {24 }. 
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The surface chemistry can be measured in several ways { 17}. Surface acidity i.e. pH of a 
water slurry of pigment, is an indirect measure of volatile content. Lower pH results from 
large concentrations of oxygen containing volatiles. However, the most direct method is 
the weight-loss determination carried out at 950°C ± 20°C. Highly acidic pigments are 
associated with faster dispersion, low viscosity and high colour. Another method used to 
assess surface chemistry of carbon blacks is Xray Photoelectron Spectroscopy and various 
authors {25}, {26}, {27} have used it for that purpose and it seems to be the popular 
choice. 
One property, which is directly related to particle size, structure and volatile content, is 
electrical conductivity { 28}. Conductivity achieved by the use of carbon black in 
polymers is dependent on the formation of reticulate chains of black particles through 
which electrons can flow. As a result, the black should be relatively fine in particle size 
and high in structure. Since oxygen containing surface groups tend to act as insulators, 
relatively clean i.e. volatile free carbons are most effective. 
D. Electrical properties of carbon black 
Carbon blacks are good conductors of electricity { 29}. By incorporating carbon black in a 
polymer matrix, the electrical and dielectric behaviour is modified { 30}. 
Intrinsic conductivity of carbon black is the conductivity that is determined on compressed 
carbon black. Intrinsic conductivity is also influenced by the carbon black surface 
chemistry { 19}, where it is a function of the level and nature of impurities on carbon 
surface as well as the presence of chemical groups. These cause an increase in inter-
particle contact resistance and therefore reduction in intrinsic conductivity { 30}. Channel 
blacks and oxidised carbon blacks show higher volume resistivities and this is attributed to 
presence of oxygen atoms on their surface which result in higher contact resistance. 
High structure results in higher specific volume and therefore higher conductivity. 
However there is no evidence of the eventual influence of particle or aggregate size 
distributions on intrinsic conductivity of carbon blacks { 30}. 
30 
2.4 CARBON BLACK POLYMER COMPOSITES 
2.4.1 . Introduction 
Composites consisting of an insulating polymer matrix and carbon black are used 
increasingly in electronics and electrical engineering. PTF resistors are an example of such 
composite materials. Incorporation of carbon black in a polymer matrix modifies the 
mechanical and electrical properties { 32 I. Suitable types and concentrations of carbon black 
produce composite materials with conductivities varied in a wide range. 
Conduction occurs once a sufficiently high concentration of carbon black is present. This is 
called the critical concentration or percolation point. At this point a chain of conductive 
particles is present which has carbon black aggregates in sufficient contact to allow electron 
passage. 
Several mechanisms have been proposed to explain the conduction mechanism and the nature 
of contacts. However most authors [291 [301 [33 I [34 1-[371 acknowledge that the contact 
does not only occur via carbon black- carbon black interfaces {percolation theory) but also 
through contact via an insulating interface (electron tunnelling effect). In percolation theory, 
the formation of a conducting network through the compound assumes physical contact 
between the conductive aggregates. Its been suggested that in the case of the electron 
tunnelling mechanism in carbon black/plastic composites, aggregates are usually separated by 
a thin polymer film and electrons jump between the aggregates. 
2.4.2 Electrical resistivity of carbon black composite 
Volume resistivity pv (ll.cm) is the resistance between opposite faces of a cube. A surface 
resistivity ps is often used to characterise current flow over a surface and is defined as the 
resistance between opposite edges of a unit square [ 32 I. In some cases, the surface resistivity 
is also referred to as sheet resistivity. The resistance across a square is independent of the 
square and the unit of surface resistivity is simply Ohm (n), generously used superfluously as 
ohm per square (n/o). The term "sheet resistivity" is used mainly for thick and thin film 
resistors { 5 I and usually correlates to volume resistivity of a fihn of a specific thickness (25 
J.II!l). 
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However as mentioned previously polymer thick film resistors are in effect carbon black 
composites and in literature, most authors quote electrical resistivities of carbon black 
composites in terms of volume resistivity. 
The Volume resistivity is in a way equivalent to youngs modulus in mechanics of material. 
Modulus of material is defined as resistance to deformation while electrical resistivity is 
defined as resistance to conduction of current under an electric stress. The electrical terms 
equivalent to mechanical terms are as follows 
Force (N) - Voltage (V) 
Stress (N/m2) - Stress (VIm) 
Strain (m/m) - Current density (Nm2) 
Stiffness (N/m) - Resistance (Q) 
Modulus (N/m2) - Volume resistivity (Q /m) 
For a typical measurement of volume resistivity, a sheet of material is placed between two 
electrodes of identical surface area and the resistance is measured through the material { 38}. 
The volume resistivity is calculated using the following formula 
Volume Resistivity pv =Stress I Current density {22}{39} 
Therefore 
pv= (AIL) Rv 
=Y!k 
1/A 
Equation 2-2 
where V is the voltage applied, I is the current through the resistor, A is the effective area of 
the measuring electrode, t is the average thickness of the material specimen., L is the length, 
and w is the width of the PfF resistor. 
In the case of the polymer thick film resistors, the silver terminations are the electrodes (see 
Figure 2.8). 
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Silver termination 
Figure2.12 Measurement of volume resistivity of polymer thick film resistors 
The effective area ofthe electrode is then A = wt. 
Therefore the volume resistivity of the PTF resistor is 
pv = (wt/L) Rv Equation 2-3 
i.e. Volume resistivity = Resistance x resistor width x resistor thickness 
resistor length 
2.4.3 Factors affecting volume resistivity of carbon black composite 
Volume resistivity of a carbon black polymer matrix is dependent on the following 
parameters {30} {37} {41 }. 
• loading I concentration of carbon black 
• properties of carbon black 
• nature of polymer 
• mixing and finishing process 
i) Influence of carbon black loading 
The volume resistivity is affected by the concentration of carbon black {30} {35}. 
There are three distinct zones that are observed when increasing the carbon black 
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concentration. These are the insulating zone, percolation zone, and conductive zone. 
The effect is seen in Figure 2.13. 
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Figure 2.13 Typical Volume resistivity Vs Concentration {42} 
Various authors { 40}, { 43}, { 44}, { 45} have proven the trend above with similar 
experimental plots as above. 
The percolation zone is the transition between the insulating and conductive zones. The 
gradual addition of conductive carbon black particles into an insulator polymer matrix 
leads to a critical concentration at which percolation occurs i.e. a continuous network of 
conductive particles in close enough contact to pennit flow of current. This is also 
known as the percolation threshold {46} {47} At this point, conduction is possible but 
is limited by the number of contacts. Further addition of carbon black particles joins 
many more aggregates together so that the continuous network increases, leading to 
rapid decrease in volume resistivity. In the conduction zone, further addition of carbon 
black saturates the volume resistivity value. 
The percolation threshold and volume resistivities in the conduction zone, are not only 
affected by the nature of carbon black but also the polymer. This could be due to 
different interactions between the carbon blacks and polymer or due to a polymer 
specific arrangement in this inter-aggregate space. 
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Therefore overall, the electrical behaviour of composite is defined by the critical 
concentration, the evolution of the percolation zone and the level of conductivity in the 
conductive zone. 
ii) Influence of carbon black properties 
Some properties of the carbon black are modified in composites. It has been reported 
that particle size is a major property affecting conductivity {291 {301 {341. Finer 
(smaller) particles tend to form smaller aggregates and therefore finer carbon blacks 
have more aggregates per unit weight (secondary structure) than coarser particle size 
carbon blacks. As the fineness increases, intra-particle distances diminish {291 {301 
{34 I and therefore resulting in decrease in volume resistivity. 
Medalia { 35 I has reported that it is likely that the effect of particle size is really due to 
the aggregate size. In his opinion the main effect of smaller particle size is to retard the 
attainment of good dispersion (dispersion in which the agglomerates are all broken apart 
and the aggregates are all separated from each other by an appreciable gap). The smaller 
aggregate size is believed to favour the effect of the interaggregate attractive forces vs. 
the viscous drag of the polymer, which tends to pull the aggregates apart from each 
other during mixing. 
Many authors { 29 I { 30 I { 34 I { 35 I { 48 I believe that the structure of carbon black in a 
polymer matrix exerts a profound effect on its volume resistivity. Medalia { 35 I expects 
the structure of carbon blacks to play a role similar to that of concentration, since 
aggregates of higher structure occupy, in effect, a higher volume of the composite. 
Sommers { 34 I has stated that the high structure carbon blacks impart more conductivity 
to a polymer than low structure blacks as they provide conductivity bridges through a 
complex aggregate chain structure. This in effect results in a lower percolation 
threshold. However it has been reported { 35 I that in some cases, the expected effect of 
structure is not seen, possibly due to effects of dispersion of the carbon blacks. 
Carbon blacks with a higher degree of porosity give lower volume resistivity due to 
higher number of aggregates per unit weight. This is due to lower density in porous 
carbon blacks {301. 
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It has also been reported { 30} { 35} that presence of oxygen volatiles or other impurities 
on the surface of carbon particles can increase the volume resistivity of the carbon black 
as they fonn an insulating coating around the carbon black particles. 
Shen Li Fu { 49} {50} and Gupta {51 } have shown that the structure of the carbon 
blacks has an effect on electrical resistivity of PTF resistors. Generally speaking, carbon 
blacks with lower structure impart higher volume resistivities to PTF resistors. However 
no relation of particle size of carbon black to the volume resistivity of PTF resistors was 
made. 
iii) Influence of polymer binder type 
Viscosity and surface tension of polymers have a strong influence on the critical volume 
fraction, which in turn affects the electrical resistivity { 30}. Higher viscosity and 
therefore higher surface tension results in poor wetting and therefore decrease in volume 
resistivity. 
Shen Li Fu {50}) has shown that nature of polymer also affects the volume resistivity of 
PTF resistors. In the study, he found that volume resistivities of PTF resistors prepared 
by polyimide resin were lower than that prepared by epoxy resin. However no 
explanation was forthcoming for that finding 
iv) Influence of processing 
It is the interparticle or inter-aggregate distance, which determines the electrical 
resistivity. Good dispersion increases the volume resistivity. An ideal dispersion would 
be a condition in which all agglomerates are broken down into primary aggregates, each 
primary aggregate is separated from every other aggregate, and the surface of each 
aggregate is completely covered by vehicle or resin. (Remember aggregates are the 
smallest dispersible units). 
Dispersion should be seen as a number of sub processes rather than one continuous 
process. First the carbon black must be thoroughly wet out or incorporated in the vehicle 
by displacing occluded air. Secondly it is necessary to apply sufficient energy to break 
up pellets, if pellets are used. Thirdly, the agglomerates must be broken down into 
primary aggregates by applying sufficient energy to overcome the attractive forces 
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holding them together. Finally each separated primary aggregate must absorb sufficient 
vehicle to completely cover its available surface. 
The volume resistivity of compound is reduced when the carbon black is homogenously 
distributed within the compound { 30} { 35}. On the other hand, when carbon black 
aggregates in the compound are submitted to mechanical shear, the secondary 
aggregation is destroyed, a process which increases with mixing time and shear rate 
{30} {35} and causes volume resistivity to increase. During milling both these actions 
are taking place and there is a minimum in volume resistivity at a certain mixing time 
where homogenisation and structure breakdown assure an optimum conductive pathway 
{30}. 
Additional steps like the moulding process, generate higher volume resistivities. The 
increase in volume resistivity can be explained by difference in carbon black structure 
resulting from the process. 
Dielectric measurements can be used to quantify dispersion of carbon black in polymers 
but this has been done using plaques of composites (150mm x 150mm x 0.8mm) and 
therefore would not be suitable in the case of ink films. {52}. However SEM scanning 
electron microscopy has been used widely to observe dispersion {53}, {54}, {55}, {56} 
2.5 PLASTIC BASE SUBSTRATES 
Plastics are commonly classified as thermoplastics or thermosets. Thermoplastics are typically 
soluble and usually able to melt. Thermosets are cross-linked plastics with opposite 
characteristics. 
There are some general properties that the substrates should possess and these include high 
electrical resistivity, mechanical strength, dielectric strength and thermal conductivity. 
The chemistry of the substrate is also important because development of film adhesion always 
involves some degree of chemical interaction between the film and substrate. 
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It is a generally preferred to dry/cure the PTF materials at the highest temperature (within reason) 
that the substrate can handle without degradation or unacceptable dimensional change, so as to 
achieve maximum processing speed. 
Rigid substrates have been used for a long time on substrates ranging from epoxy-glass and 
ceramic to high temperature moulded plastics. PTF inks are compatible with lots of insulators 
and adhesion is not a problem as the inks can be formulated to bond to any plastic surface. 
Flexible substrates are most popular base material for PTF. Polyesters are the dominant base 
material used due to its excellent electrical, chemical and mechanical properties at low cost. 
Polycarbonates are also used to a limited extent. 
Thermosets are the traditional circuit board materials. Chemical reactions cause the polymers to 
cross link to a rigid, infusible state. Aromatic epoxies are the most common class. Most of the 
epoxies are used with inorganic fillers to increase strength and dimensional stability. Other resin 
systems include polyimides, thermoset polyesters, phenolic resins and low cost phenolic 
composites like paper phenolic. As no wet processes are used in PTF technology, substrate 
porosity is not a problem. An extremely rough surface cannot be screen printed with a good print 
definition. The surface can be made smooth by overcoating with dielectric but at a higher cost. 
Theoretically any thermoplastic material can be used as PTF as compatibility can be assured by 
selecting the same or related polymer for a binder. 
2.5.1 Diallyl Phthalate (DAP) 
As explained in section 2.2.3, diallyl phthalate is an ally~ which is part of a large family of 
esters. Diallyl Pthalate mouldings can be processed well using compression, transfer or 
injection moulding. The mould temperatures have to be maintained between 165°C and 
180°C. Lower temperatures may cause sticking, cracking and breaking. Diallyl phthalate 
moulding compounds have a high degree of dimensional stability when moulded. Chemical 
resistance, heat deflection temperature, and most electrical properties will be reduced without 
proper cure. 
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A wide variety of moulding compounds are made from the DAP and DAIP base resins. 
Fillers such as short and long glass fibres, minerals and synthetic fibres can be combined with 
these resins to obtain specific properties. 
The major use of DAP compounds is the electrical I electronic industry. It is used as 
moulding compounds as connectors for electronic communications, computer and aerospace 
systems. Apart from potentiometers, allylics are also used in insulators, circuit boards, 
potting vessels, switches and TV components. 
DAP prepolymers are used for improved surface laminates, plywood, hardboard and particle 
board. Allylic monomers are also used in the cross-linking of unsaturated polyesters and 
alkyds 
In terms of competitive materials, polymers that share some of the properties of DAP include 
poly (butylene terephthalate) (PBT), polyamide, polysulphone (PSU), poly (ethylene 
terephthalate) (PET), phenolic and poly (phenylene sulphide) (PPS). As reported by Greer 
{ 10}, none of these individually has the combined advantages of DAP or DAIP in terms of 
properties, especially the long term insulation resistance at high temperatures and humidity 
levels. 
2.6 INK SUBSTRATE INTERACTION 
2.6.1 Introduction 
Ink substrate interaction is mainly concerned with how the ink adheres to the polymer 
substrate. According to Leach {7}, colourants (in this case, carbon black) have little or no 
effect on adhesive nature of ink. However if the colourant is not bound adequately by the 
vehicle (due to poor dispersion), the ink will not exhibit good interaction. It is the type of 
resin used in ink, which largely determines whether or not the ink will exhibit good adhesion. 
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It is important to remember that at Penny & Giles, the ink is transferred from an aluminium 
plate to the moulding. The inks have to therefore adhere sufficiently so as to stick to the plate 
but just be able to be pulled away from it and adhere strongly to the polymer substrate in the 
mould. 
Many plastics will accept coating materials without surface preparation and the bond is good 
for a long service life. Acceptance means wetting, spreading and some form interfacial 
bonding to provide a good adhesive bond between coating and polymer substrate {58}. 
However, some polymer substrates are almost impossible to print without pre-treatment. 
These include polyethylene and polypropylene. Adhesion difficulties are related to surface 
energy of the substrate {59}. Low surface energy causes poor wetting of surface and in 
general correlates with poor adhesion. Non-wetting is evident when a coating is applied to 
these materials and droplets are formed on the substrate surface rather than a thin uniform 
film. There is no spreading or uniform interfacial bonding. 
Surface related properties of a polymer substrate can be enhanced by surface treatment, 
normally at the post shaping stage so as to enhance adhesion. Such pre-treatments produce 
{58}: 
• Chemical change - Localised reactions at certain conditions, which change 
functionality on the surface layer (oxidation}, which provide active sites for chemical 
reactions with inks and coatings. For PE, corona discharge treatment increases 
surface energy due to formation of polar groups on the surface. These include 
hydroxyl, carboxyl, carbonyl and amido groups. 
• Mechanical change - Topography of the surface is changed or roughened allowing 
for mechanical interlocking e.g. by solvent etching or abrasive treatment. 
Common surface treatments include chromic acid, flame, corona discharge, plasma, UV 
irradiation and abrasive treatment. 
Adhesion may also result through the use of coatings based on highly polar resins. 
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2.6.2 Surface energy and wetting 
Surface tension arises due to the molecules in the surface region being exposed to attractive 
forces by those in the interior i.e. net attraction into bulk phase, in the direction normal to the 
surface {60}. The most common type of physical surface attractive forces are Van der Waal's 
forces, attributed to; 
• Dispersion forces arising from internal electron motions independent of dipole 
moments 
• Polar forces arising from orientation of permanent electric dipoles and induction 
effect of permanent dipoles or polarisable molecules. 
• Dispersion forces are usually weaker than polar forces. Another force is the hydrogen 
bond, formed as a result of attraction between hydrogen atom and second small and 
strongly electronegative atom. 
Good adhesion results when two combining surfaces are brought close enough to allow 
intermolecular forces to act across their interface and these forces are greater than those 
within the separate components of the system {58}. 
Surface energy is approximately equal to the surface tension, which is said to be a direct 
measurement of the intermolecular forces { 60}. It is from the surface energies of the 
combining materials that one can predict the possibility of wetting. Young's equation-
describes the relationship between the contact angle 9 and energy of relevant interfaces as 
seen in Figure 2.14. 
41 
Figure 2.14 Wetting of solid surface 
rsv- surface energy of the solid/vapour interface 
'YsL- surface energy of solid/liquid interface 
'YLV - surface energy of liquid/vapour interface. 
9 - contact angle 
When the surface free energy of a solid system is more than surface free energy of liquid 
system i.e. rsv > 'YLV the liquid will instantaneously wet and spread across the solid: their 
contact angle will be zero {61 }. If rsv < 'YLV• then non-wetting and droplet formation will 
occur with limited contact between the liquid and substrate {59}. Wetting of a surface can be 
described as the extent to which a liquid spreads when applied to a surface and spreading 
produces the maximum contact between liquid and solid {59}. 
However, whether interfacial bonding does take place or not, cannot be indicated by the 
wetting of the substrate by the liquid system. That prediction is made by taking into account, 
information on the surface molecular structure and whether there is a weak layer present 
between the two surfaces { 10}. 
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Wetting can be measured by two methods {61 }: 
1. Contact angle is measured by goniometer. Liquid droplet with the plane of surface 
may be used as a measure of the wettability of a surface. As angle 9 tends towards 0°, 
wetting is high or good. As angle 9 tends towards 180°, wetting is low or poor. 
2. Dyne solutions are the second method of measuring wetting. In this case a series of 
liquids with different known surface energies are used. The various solutions are 
spread on the surface of the film while it is observed whether the resulting liquid film 
remains continuous or breaks into droplets. 
Wetting and spreading have to occur before interfacial bonding can occur. 
2.6.3 Interfacial bonding 
It is only once conditions for wetting, spreading and interfacial bonding have been met, that 
there is a high expectation of a good adhesive bond being formed between a dry coating film 
and a polymer substrate {58} {61} {60}. Adhesion should arise from most if not all of the 
following physical or chemical phenomena of interfacial bonding. 
A. Adsorptive theories 
Adhesion is dependent on molecular forces across the interface acting at very short range 
(<10 A), to hold the surfaces together. The most common forces of these are Van der 
Waal's forces, which are referred to as secondary bonds (dipole-dipole, dipole-induced 
dipole and dispersion forces). In addition, chemisorption may also occur i.e. ionic, 
covalent and metallic bonds, which are referred to as primary bonds. The terms primary 
and secondary are in a sense a measure of the strength of the bonds. 
B. Mechanical interlocking and topography effects 
By increasing the roughness of substrate, the real surface area and area of contact between 
two surfaces is increased, thus the potential for adsorptive interactions also increases. If 
one surface can be made to conform to the other's imperfections, even though the surface 
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energies fulfil the conditions for wetting, the viscosity of a coating affects spreading. High 
viscosity in a coating will provide resistance to spreading particularly into a thin film or 
into small cracks or voids in the surface. 
C. Diffusion effects 
Adhesion occurs between coating and polymer substrate, due to mutual diffusion of 
polymer molecules across the interface. It is possible when molecules on both surfaces are 
in a fluid and mobile state, leading to interpenetration and limited entanglement, and 
bonding occurs after either cooling from a melt state or after loss of solvent in a solution 
based system. 
D. Electrical double layer theory 
If the two surfaces have different electronic band structures there is likely to be some 
electron transfer on contact to form balanced layer of electrons, which will result in the 
formation of double layer of electrical charge at the interface. This accounts for the 
adhesion. 
E. Weak boundary layer effects 
Weak boundary layers are non-polymeric materials present on the surfaces of most 
polymeric substrates and may range from a few microns to nanometre thickness. They 
reduce the potential for wetting, spreading and interfacial bonding. 
Failure in a coated system may develop or progress in the following ways: 
• Interfacially i.e. little or no adhesion between substrate and coating. The bond will be 
found to have low strength. 
• Cohesively, in either coating or substrate depending which has the lower strength in 
the mode of applied stress. Strength of the bond will be equivalent to that of the 
weaker modulus material 
• By mixed interfacial and cohesive failure at intermediate strength measurements. 
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• By apparent interfacial failure, which is a special case cohesive failure. Examination 
by surface analysis techniques shows a few molecules thickness of one polymer 
remaining on the other. 
2.6.4 Effect of ink components on surface and interfacial properties 
Resins in coatings are found in many forms and include {58}: 
• One-pack systems that are fully polymerised in their thinners. On application to a 
substrate, the wet film will coalesce after the thinners have evaporated (flashed ofi) 
or have been subjected to heat to fuse. 
• One pack system, which contains single component reactive resins, usually 
oligomers, requiring an external agent to polymerise/cross link, preferably after the 
thinners have flashed off. 
• Two pack systems based on two reactive components, which are mixed thoroughly in 
the correct ratio immediately before application. Components will be either an 
oligomeric resin which is mixed with a separate curing agent OR an oligomeric 
resin/curing agent which is mixed with a separate catalyst. 
All coatings should be highly polar materials with a high proportion of dispersive ease and 
specific functional side and end groups to encourage adsorptive interaction at an interface. 
Oligomeric materials in addition should be relatively mobile in their early stages of cure (i.e. 
there is potential for diffusion). Suitable reactive groups present on the substrate may react 
with resin forming strong covalent bonds (i.e. chemisorption) 
Thinners reduce overall viscosity of the coating to permit easy application and give coating 
freedom of movement across and into a substrate' s surface. High cohesive strength of a wet 
coating (i.e. high viscosity) will resist surface energy forces, preventing spreading and thin 
film formation. As topography becomes uneven, the proportion of are wetted out will depend 
both on surface energy balance and mobility of coating. A good film former is one that 
promotes uniform spreading over the surface of the substrate. 
From the basis of surface science, a thinner will have a major effect on the surface tension of 
the base resin. It is the liquid phase (solvent) in the ink that prestablishes the tendency of ink 
to flow through the stencil and wet out the substrate { 63 } . In most coatings, a thinner will 
have a lower surface energy than the resin and therefore lower the overall surface energy 
value of the coating. Thinners should evaporate uniformly and rapidly once having formed a 
thin film i.e. have high volatility). This may be encouraged by extraction or heating. It is 
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important that coating does not cure or coalesce first at the air/coating interface (i.e. skins 
over) trapping thinners. These could give rise to mobile weak boundary layer effects, which 
might weaken the interfacial bond between substrate and coating. 
Pigment types and loading will affect the surface tension and viscosity, hence film-forming 
properties of the wet coating. Pigment particles will have a very large surface area to volume 
ratio, affecting resin and solvent absorbance and adsorbance characteristics. 
Care also must be taken in selection so as to avoid possible pigment separation into striations 
e.g. flocculation. This could have a major effect on the mechanical and physical properties of 
the dry film. 
Contact angle is an important factor in terms of good wetting of the substrate and therefore 
consequently the performance of the resistivity. However the contact angle measurements for 
the different inks were not undertaken because the main materials were kept constant 
(especially solvent and substrate) and therefore allowed a direct comparison of the different 
inks to be made. 
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3 EXPERIMENTAL 
3.1 INTRODUCTION 
The experimental is divided into three stages as explained in sections 3.l.l- 3.1.3. A description 
of the manufacture of the resistor inks, production of the potentiometers and the characterisation 
techniques used is then given. 
3.1.1 Effect of carbon black properties & concentration 
A study and investigation of carbon black is needed due to its importance with regards to it 
being one of the main constituents of the ink. Its importance has been highlighted in the 
literature review with respect to carbon black properties and composition affecting the 
properties of a composite. The purpose was to understand the properties of carbon black 
required for an optimum performance of a PTF resistor. 
Different carbon blacks and their properties are compared in relation to the performance of 
PTF resistor tracks containing these carbon blacks. The study, which involved the selection 
and acquisition of 10 carbon blacks with different properties, used in general printing inks 
and available from main industrial suppliers has been discussed in section 3.2. The 
investigation into the effect of carbon black properties was conducted using only the 50% 
carbon black inks. 
For the investigation into carbon black composition, three carbon blacks were chosen 
together with the Vegetable MR842N. These were Raven 16, Monarch 480 and Monarch 
490. The selection of these carbon blacks was done on the basis of results attained during 
investigation into effect of carbon black properties and will be explained in Section 4. 
The process of manufacture of polymer thick film inks from all the carbon blacks has been 
described in the section 3.4. In section 3.5, the production of conductive plastic 
potentiometers with all the different carbon black inks is discussed. The characterisation of 
properties of all carbon blacks included transmission electron microscopy (TEM), which was 
used to observe the carbon black particles and their structure, and X-ray electron 
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spectroscopy, which characterised the surface chemistry of the carbon blacks. These 
techniques are discussed in section 3.7 and section 3.8 respectively. 
3.1.2 Investigation into effect of binder type and concentration 
The binders used are detailed in Section 3.3. Inks with the different binders were 
manufactured as stated in Section 3.4. The production of the potentiometers is discussed in 
section 3.5. For the binders, ap,art from the performance evaluation (section 3.10) the 
characterisation techniques used were DSC for the curing kinetics and SEM analysis as 
described in sections 3.6 and 3.9. 
3.1.3 Investigation into ink-substrate interaction 
This involves studying the adhesion of different carbon black and different binder ink to the 
DAP substrate. The test is described in Section 3.11. 
3.2 CARBON BLACKS EVALUATED 
In industry, furnace blacks are more prominent. Channel blacks could not be procured and 
therefore all the carbon blacks selected were furnace blacks except for one lamp black. Different 
carbon blacks were selected with varied particle size and structure. Volatile content can indicate 
the content of surface groups on carbon. However as volatile content is measured at 950°C, 
indication about the surface chemistry should be considered with care. The details of the carbon 
blacks selected are listed in Table 3.1 and are from their respective data sheets. The carbon 
blacks were from three companies i.e. Cabot Carbon Ltd, Colurnbian Chemicals and Degussa. 
The current carbon black used in Penny & Giles i.e. Vegetable black MR842N was considered as 
the standard for the evaluation. Note that some data on properties for the carbon blacks were not 
available. 
48 
During selection, only carbon blacks used in inks and coatings were looked at. The carbon blacks 
were selected on the basis of allowing performance and properties of resistor to be studied by 
comparing the different carbob black properties. This would therefore allow the effect of carbon 
black properties on performance of resistors to be investigated. For instance by comparing 
carbon blacks with similar particle size but varying structure (DBP absorption), the effect of 
structure of carbon black on performance of resistors could be studied. 
Table3-1 Carbon blacks evaluated 
Particle Nitrogen Electron PBP Volatile 
~rade Supplier size Surface micrograph ~sorption pH Content 
Nm area m2/g area m2/g cc/100g) Yo 
"egetable MR 842N W. Hawley 0 28 30 ~8 
1'-"onarch 480 vabot Carbon ~7 85 114 1 
1'-"onarch 490 Cabot Carbon 27 87 124 1 
r.'lonarch 120 vabot Carbon 60 30 ~ 1 
~aven 14 Columbian 55 45 42 111 1.5 
Chemicals 
~aven 16 Columbian 168 6 25 105 0.9 
Chemicals 
~aven 22 Columbian 83 ~7 ~4 113 0.8 
Chemicals 
~aven 450 Columbian 175 f35 34 65 1 
Chemicals 
Prlntex25 Degussa ~6 145 45 10.5 0.6 
Lamp black 101 Degussa ~5 ~0 117 .5 
Vegetable :MR842N (Lamp black), Raven 16 and Raven 450 (furnace black) had similar particle 
size and DBP absorption values thus allowing comparison of effect of type of carbon black to be 
studied. Comparing Raven 14, Printex 25 and Monarch 120 would allow the effect of structure to 
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be studied. Comparing Monarch 480, Raven 14 and Raven 22 would allow the effect of particle 
size to be studied . 
3.3 BINDERS 
The binder used by Penny and Giles is diallyl isophthalate (DAIP) polymer. The data for this 
polymer is given in Table 3.2 
Kronol 190 is a rosin modified phenolic resin manufactured by Kroslink polymer PVT Ltd in 
India and was chosen as phenolics were commonly used as binders in inks. Kronol 190 is used in 
offset printing inks and has good water and chemical resistance. It is also used in mirror coat 
enamels and marine paints. The data for this binder is stated in Table 3.3. 
Hybridur 580 is a acrylic hybrid polymer manufactured by Air Products. This is an anionically 
stabilised acrylic urethane hybrid polymers that exhibit excellent wetting, adhesion and film 
properties. These binders are used in coatings for wood, decks, general plastics and printing inks. 
The data for this binder is stated in Table 3. No inks could be made with Hybridur 580 binder as 
solvent was evaporating during the bead mill operation, which resulted in the mill getting 
clogged up. Therefore no results were attained with Hybridur 580 binder. 
Table3-2 DAIP properties 
RESIN DAIP 
Supplier Kemtron UK Ltd 
Manufacturer Cosmic Plastics 
Viscosity 10-40 CP in 50% MEK soln 
Softening range 15-450C 
Iodine value 75-90 
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Table3-3 Kronol190 properties 
RESIN KRONOL190 
Supplier Allchem International Ltd 
Manufacturer Kroslink 
Viscosity 25-35 secs by Ford cupB-4 at 300C ( 
50% in toluene) 
Acid Value (max) 25mgKOH/mg 
Melting point 1450C -1550C 
Table 3-4 Hybridur 580 
RESIN HYBRIDUR 580 
Manufacturer & Supplier Air Products 
PH 8 
Viscosity at 250C 50-150 cP 
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3.4 MANUFACTURE OF RESISTOR INKS 
The contents of the inks manufactured using the carbon blacks are shown in Table 3.5. 
Table 3-5 Formulation of DAIP inks 
% carbon 30% 40% 50% 65% 
black inks 
Carbon black 90g 120g 150g 195g 
Binder 150g 150g 150g 105g 
TBP 12g 12g 12g 8.5g 
Span SO 3g 3g 3g 3g 
N-butyl 250-400g 250-400g 250-400g 250-400g 
lactate 
Talc 60g 30g 0 0 
Note that TBP i.e. tertiary butyl perbenzoate is the catalyst for polymerisation of DAIP, and Span 
80 is a wetting agent and is essentially sorbitan monoloeate. Surfactants work by lowering he 
surface tension of dispersant (binder and solvent). This reduces the contact angle between 
dispersant and carbon black particle surface thus aiding wetting. Talc is used as an extender 
pigment and is essentially magnesium silicate. It provides body and bulk to the ink and is used in 
30% and 40% inks due to reduced amount of carbon black. In the case of Kronol 190, TBP was 
not used during the manufacture of inks. 
These formulations are based on the carbon inks made at Penny & Giles (% being the value of 
carbon black with relation to the binder). The amount of solvent N-butyllactate was varied for all 
the carbon blacks and was dependent on the consistency of pre mixed ink. 
There are three mains stages to producing individual inks. 
• Pre mixing of constituents in the kenwood mixer 
• Bead milling the pre-mixed ink in the Eiger Engineering Mini bead mill. 
• Rushing out and cleaning the bead mill 
The procedure followed in manufacturing the inks was the one used by Penny and Giles to 
produce their inks and that was the standard used in producing all the resistor inks. 
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The required amounts of TBP, Span 80 and an initial amount of 250g of N-butyl lactate were 
mixed together for 2 minutes in a Kenwood mixer (figure). The DAlP was then added and the 
mixture was further mixed for 5 minutes. The carbon black powder and talc was weighed out in a 
container and was added to the mixture and mixed for I 0 minutes. [fa paste consistency was not 
achieved, then more solvent was added until this was achieved. The total amount of solvent 
added for all the premixed inks was recorded and is detai led in Appendix 3. 
Figure 3.1 Ken wood mixer 
While the pre-mixing is taking place, 175 ml of 2. 0mm steel bead mil ls were measured out. The 
upper plug of the mill chamber was removed and the beads were poured into the chamber using a 
funnel. Eventually the beads fil led up the funnel and did not empty into the mill immectiately. 
The mill was switched on. ensuring the speed setting was zero, and that the timer was set to 
"manual". The speed was gradually turned up until the beads emptied into the mill chamber. The 
mill was then switched off and the plug was replaced. 
The speed setting was set to zero and the pre-mixed ink was filled into the mill funnel. The mill 
was switched on and the speed was gradually increased to 3000rpm ensuring that the current 
level for the mill did not exceed 8A. 
The timer was set to "Automatic" allowing milling to take place for the preset time of 8 minutes. 
The time of 8 minutes was chosen on the basis of being the standard time used by Penny & Giles 
for milling the inks. During this time. the ink in the funnel was stirred with a wooden stirrer. The 
ink coming out would be fed again through the re-circulation pipe fo r a number of times until the 
mi ll would switch off after the preset time. The mill was switched on again at low speeds of 
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between l OOOrpm and 2000rpm and the ink was co llected in suitable containers via the re-
circulation pipe. The inks were left standing overnight at least before printing, so as to cool 
down. 
re-circulation pipe end plate mill cllam ber 
Figure 3.2 Eiger Engineering mini bead mill 
The mill was switched on and flushed out with screen cleaner a couple of times until the screen 
cleaner coming out was clean. This was repeated with N butyl lactate. If the nex t ink to be 
produced had a different carbon black or different binder, then the mill had to be disassembled. 
Firstly the drain plug was removed and the beads were collected in a suitab le container. 
Switching on the mill would fo rce out the remaining beads. The beads were cleaned with N butyl 
lactate and left to dry. The drain plug was cleaned. Then the end plate was unscrewed to expose 
the filter grille and disperser. These were thoroughly cleaned. The chamber was then unscrewed 
and the interior was then thorough cleaned with N butyl lactate. The equipment was then 
assembled aga in ready fo r the next batch of inks. 
Hybridur 580 inks could not be manufactured as solvent evaporated du ring the bead mill 
operation, which led to the mill being clogged up. 
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The DAI P silver inks for the terminations were made by mixing 72 grams of flaked silver, I 6 
grams of N-butyl lactate, 2.5 grams of TBP and 10 grams of DAIP in a container using an 
electric hand mixer. The phenolic silver inks were made with same formulation as above but 
replacing TBP and DAIP with the phenolic binder. 
Yiscosities of the inks were measured so as to make a comparison and ensure that the viscosity of 
the ink was not affecting the results. This was done using the Brookfield viscometer. Only one 
spindle was avaiJable i.e. LV spindle no 2 and therefore the results can only be used for 
companson. The viscosity results for all the inks were simjJar and therefore affect of viscosity 
did not any ro le on the analysis of inks or performance ofpotentiometer. The viscosity results are 
in Appendix 6. 
3.5 MANUFACTURE OF POTENTIOMETERS 
Potentiometers were produced by the transfer moulding method. This involved the transfer of ink 
during moulding from a printed aluminium plate (figure 3.3) onto the substrate. 
The inks were thoroughly stirred before use. Two layers of carbon black inks were hand screen 
printed on to the shinier side of the aluminium plate first . Then one layer of the silver ink was 
printed at the terminations. The fo llowing are the parameters of the screen: 
Screen mesh size 
Emulsion type 
Emulsion thickness 
280 
I 0/10 
30 microns. 
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Figure 3.3 Aluminium plates 
3.5.1 Printing cycle 
Hand screen printing consists basically of two operations; the flood stroke and the print 
stroke. 
In the flood stroke, sufficient ink was poured onto the screen to flood the screen. The ink was 
collected in the front of the squeegee at the top of the screen. The squeegee was drawn gently 
towards myself, making sure that the squeegee edge was just off the surface. On reaching the 
bottom of the screen, excess ink was picked up and deposited back at the top of the screen. 
Aooding of the screen allowed a thick layer of ink to be left over the surface of the screen, 
completely covering the image. 
ln the print stroke, the transfer plate was placed in the base plate. The squeegee was held at 
the top of the screen with both hands. The screen was pressed into contact with the transfer 
plate and the squeegee was firmly drawn towards me, keeping the squeegee at an angle of 
60°. On reaching the bottom of the screen, excess ink was picked with the squeegee and 
deposited back at the top of the screen. Note that the pressure applied to squeegee, the 
squeegee angle and speed of the stroke remained constant. The screen was re flooded and the 
transfer plate was removed. The transfer plate was placed under a resistive element heater for 
three minutes. The tracks were allowed to cool for 2 minutes before the next layer of carbon 
black ink was printed. Finally in the same manner as above, the silver ink was printed as 
terminations. 
The mesh stencil combination was kept constant during printing resistor inks onto all plates. 
A constant snap off gap was maintained throughout the experiment and minimum squeegee 
pressure was used to apply a good print. This resulted in prints produced being consistent in 
terms of ink film thickness and geometry { 64} 
Before producing any experimental prints, trial prmtmg runs were carried out with 50% 
Vegetable MR842N/DAIP ink. With care and practice consistent prints were obtained. This 
was evident from consistency of results of resistances of resistor tracks produced using 
aluminium plates from some trial print runs. The results are in Appendix 3. 
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Screen printing frame squeegee 
Figure 3.4 Screen printing equipment 
3.5.2 Mou.Jding process 
The Daniels moulding 50 Ton press (figure 3.5) must be switched on at least 4 hrs before it 
can be operated together with the tool plate. The operating conditions are as fo llows: 
Clamp pressure, tonnes 
Transfer pressure 
Cure time 
Temperature - Top platen 
Temperature - bo ttom platen 
50 
700- J lOO psi 
3 mins 
l60°C - 180°C 
l60°C - J 80°C 
The guard for the moulding press was opened and the transfer p lates were placed in the press 
into the tool cavity with the printed side fucing up. The guard was closed and button marked 
"clamp up" was pressed so as to lower section of too l was raised to come into contact the 
upper section. T he DAP pellets were placed into the Radyne pre-heater (figure 3.5) for one 
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minute so that the pellets would soften up in preparation for the moulding. Once this was 
done, the peUets were placed into the feeder without delay. The controls marked "master" 
and "feeder in" were pressed simultaneously. The controls were pressed until the feeder 
deposited the pellets into the ram hole. On releasing the controls, the feeder returned to its 
original position. After the feeder was checked and found to be empty, the control marked 
"transfer down" was pressed. Th.is caused the ram to descend, pushing the pellets into the 
mould. Once the cure time elapsed and the transfer ram withdrew, the guard was opened and 
the substrates were removed from the press using a brass scraper. 
I 0 potentiometers were produced for each resistor ink, which were then perfonnance tested. 3 
resistor tracks were printed on each aluminium plate and 2 printed aluminium plates were 
placed in press during each moulding run. Therefore 2 moulding runs were carried out to 
produce 12 potentiometers of which 2 were discarded. A high accuracy of linear resistances 
were achieved for each resistor ink because errors in printing cycle and moulding were 
reduced because for each ink altogether 4 printing cycles and 2 moulding runs were carried 
out. 
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Figure 3.5 Radyne pre-lleater and Daniels moulding press 
The resistor tracks on potentiometers made from the inks with the phenolic binder could not be 
suitably produced. This was because the image area on the aluminium plates was not completely 
printed. Therefore for phenolic inks, the potentiometers were made by direct printing the inks 
onto OAP moulded substrates. For comparison purposes, potentiometers were also made by 
direct printing DAIP!Yegetable MR842N inks onto DAP moulded substrates. In the case of 
direct printed potentiometers. one layer of silver ink was first printed at the end of the tracks. 
Once th is dried under resistive element heater for 3 minutes, and then coo led for 2 minutes, then 
two layers of carbon black ink were printed with time in between for drying as above. 
The dimensions of the resistor tracks are as depicted in Figure 3.6 
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Input terminal 
(silver termination) 
Figure 3.6 
2.9 cm 
Dimensions of resistor tracks 
0.40cm 
fnput terminal 
(silver termination) 
The thickness of the carbon black resistor was taken as an average of thicknesses that were 
measured from SEM images of cross section areas of the potentiometers made with the 
different inks. The average thickness for the transfer printed resistor tracks was 12.5urn while 
that for the direct printed resistor tracks was 19.5urn. 
3.6 CURING KINETICS 
The curing kinetics was investigated through Differential Scanning Calorirnetry. This was 
carried out using a Dupont Thermal Analyst 2000 system with a 9 1 0-cell base DSC. 
The difference in temperature between substance and reference material is measured as a 
function of temperature. while substance and reference material are subjected to contro Ued 
increase in temperature. Differences in mass. specific heat, heats of reaction. or phase 
transitions cause differences in temperature of the two specimens. The differential heat 
flow between specimen and reference material is auto matically recorded. 
The DSC curves are plotted as a function of temperature at a constant rate of heating, with 
the ordinate representing dAQ/dt, (the differential heat flow between sample and reference 
cells). The peak area between curve and a baseline is proportional to the enthalpy change 
in the sample. First order transitions like me lting points give rise to narrow peaks while 
chemical reactions (curing) give rise to broad peaks. Second order transitions or g lass 
transitions cause abrupt changes in curve change (base line shifts). The properties of glass 
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transition temperature and melting point are useful in identification of polymers. Figure 
3.2 shows an example of a DSC plot showing all the above. Tiny pieces (9- 13 mg) of 
plastic were cut from the edges of the samples and placed in aluminium pans. Empty 
aluminium pans were used as references. 
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Figure 3.7 Typical DSC plot {65} 
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For the investigation into binders, Isothermal DSC analysis was conducted on dry inks so as 
to evaluate various kinetic parameters like activation energy and the kinetic order of the cure 
reaction. This was done on the basis of the kinetic theory { 66}, { 67}, { 68}. 
A few drops of ink were placed on glass slides and then left to dry overnight. For uncured. 
inks analysis, tiny pieces of the dried ink were tested. However for cured inks analysis, the 
glass slides with dried ink were left in an oven overnight at the desired temperatures and 
then tiny pieces of dried ink were analysed. 
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The reaction rate is give by the following equation: 
Rate = dadt = Kf(a) Equation 3-1 
Where a is the degree of conversion of cure, K is the rate constant and f( a) is some function 
of the reactive group conversion. The reaction rate constant K in turn is expressed in the 
form of Arrhenius reaction. 
K= Equation 3-2 
Where A is the frequency factor, E is the activation energy, R is the gas constant and T is the 
absolute temperature. Combining equation 3.1 and 3.2, and taking the logarithm of both side 
leads to 
In (dadt) =In [Af( a)]- EIRT Equation 3-3 
In DSC measurements, the degree of cure of conversion can be estimated from the ratio of 
the amount of heat evolved for the partial conversion after time t at a given temperature H,. 
to the total heat evolved for the complete conversion Ho. 
a = H,!Ho Equation 3-4 
Therefore equation 3.4 can be written to give rate of reaction 
dadt = (1/Ho) (d H,!dt) Equation 3-5 
ln(l!Ho) (d Htfdt)= In [Af( a)]- EIRT Equation 3-6 
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If f( d) is a function of conversion but not of temperature, the activation energy, E can be 
obtained plotting In(l/Ho) (dH1 /dt) versus liT at a fixed conversion. From equation 3.6 one 
can see that E can be calculated from the slope of the line. 
The second function/( d) gives the dependence of the reaction rate on the extent of reaction. 
Naturally as the reactants are used up, the rate decreases. 
/(d) = (1-d)" Equation 3-7 
where n is the reaction order. 
Therefore 
In (dadt)= In A - EIRT + n In(l-d) Equation 3-8 
Therefore plot of In (dadt) against In(l-d) provides a straight line for isothermal runs at a 
given temperature at various conversions. The slope of the line should yield the kinetic 
reaction order, n. 
3.7 X-RAY PHOTOELECTRON SPECTROSCOPY XPS 
This technique was employed to characterise the surface chemistry of carbon black particles. 
XPS exploits the interaction between electrons and an incident beam of X-rays { 69}. The sample 
is irradiated with low energy X-rays, which cause electrons to be ejected from the core levels of 
the atoms present in the surface. The photoelectrons thus produced have a kinetic energy, which 
is related to the binding energy of the electron concerned. Each element gives rise to a set of 
peaks at characteristic energies in the photoelectron spectrum The photoelectrons are collected 
and energy analysed to provide a spectrum of counts versus energy. From these spectra, surface 
elements can be identified and their concentrations measured. As emitted electrons are of such an 
energy that only those from the top few atomic layers have a significant chance of escaping from 
the surface without losing energy, the technique is highly surface sensitive with analysis depth of 
5-l Onm. The area analysed is typically 3-l Omm2• 
63 
Nonnally, an energy range is scanned which includes all possible elemental transitions - a broad 
scan spectrum, which provides quantitative information about the elements present. All elements, 
except hydrogen can be detected with the detection limit typically 0.1 - 0.5 atom %. More 
detailed chemical information is obtained from examination of a portion of the spectrum taken at 
high resolution. Although core electrons are not directly involved in the chemistry of the surface 
i.e. in the bonds, the energy levels may be shifted due to the local chemical environment of the 
atom. The chemical shift is small, often less than one electron volt. When measured, it provides 
information about the chemical environment of a particular element. It is rare that individual sub 
peaks are completely separated from the main peak in an experimental spectrum. This requires 
the use of a peak fitting procedure to resolve the desired peak parameters. 
A VG ESCALAB MK 1 spectrometer with Aluminium Ka radiation was used for the XPS 
analysis. The binding energy was calibrated by referring the C-C/C-H peak in the Cts signal at 
285.0eV. 
3.8 TRANSMISSION ELECTRON MICROSCOPY 
This teclmique was employed to observe the carbon black particles and their structure. 
Transmission microscopy uses a beam of highly energetic electrons to examine objects on a very 
fine scale {70}. It produces focussed atomic level images that yield information on the size, 
shape and arrangement of particles, which make up the specimen. It also produces a variety of 
signals that yield information on crystallography i.e. arrangement of atoms in the specimen and 
their degree of order. Contrast in the image is caused by reduction of the intensity beam. 
The higher mass or thicker regions tend to scatter electrons more than the lower mass or thinner 
regions and therefore appear darker. In the case of polymers, there is little contrast between 
different phases without special treatment. 
A few milligrams of carbon black were placed in a test tube containing a few millilitres of 
methanol. The test tube was then placed in an ultrasonic chamber until the carbon black was fully 
dispersed. Carbon film is then placed on top of a specimen grid and the specimen grid placed on 
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filter paper. Carbon dispersion is then pipetted on to the grids. The grids are then placed in 
sample holders. Image photographs were taken at SOK magnification. 
3.9 SCANNING ELECTRON MICROSCOPE 
This technique forms an image of a microscopic region of the specimen surface. The image on a 
cathode ray tube is an exact representation of the area being scanned on the specimen. An 
electron beam is scanned across the specimen and the image fonned is a map of intensities of 
electron emission from specimen. The main electron sample interactions (signals) that give rise 
to the contrast mechanisms are 
• Back scattered electrons (topographical information) 
• Secondary electrons (topographical information) 
• X-rays (through thickness compositional information) 
• Auger electrons (surface sensitive compositional information) 
As the specimens used were not conductors, they were coated with a thin layer of conducting 
materials i.e. gold. This was carried out by placing sample in a high vacuum evaporator and 
vaporizing a suitable metal held in a heated tungsten basket. 
3.10 PERFORMANCE EVALUATION 
3.10.1 Volume resistivity 
The resistance of all the resistor tracks were measured using a multimeter. A multimeter is a 
single instrument, which combines the voltmeter, anuneter and ohmmeter. For resistances up 
to 20,000!l, the voltage supply was set at 130V while for resistances upwards of 20,ooon, 
the voltage supply was set at 250V. The function switch was set at DC. The maximum 
resistance calculated was 20 Mn. 
The main problem in accurate measurements of the resistance is the contact resistance 
between the electrodes and the samples {32}. However with the use of silver terminations for 
the resistive tracks, contact resistance is reduced. In any case, the contact resistance between 
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the electrodes and the sample is present even if smaller. The resistance of electrodes can also 
cause inaccuracies, however as the sample resistance is much higher, this can be discounted. 
Another problem is the leakage of current {32} between the input terminals of the multimeter 
via routes other than the intended one through the specimen. Surfaces often provide a low 
resistance path through the accumulation of dirt and moisture on them. This can be overcome 
by using an extra guard on the sample. Any leakage currents over the surface of the specimen 
are then collected by the guard electrode and not included in the measured current. As the 
sample resistances are not very high, the effect of leakage of current is very small. 
The contacts of the multimeter were placed on the two input terminals and the resistance was 
measured for polymer thick film resistor between them. 
As described in section 2.4.2, the volume resistivity of the polymer thick film resistor is 
calculated from equation 2.2 
And therefore Volume resistivity = 
pv = 0.35 x 0.002 x R 
4.7 
Pv = 0.000149 R 
Resistance x resistor width x resistor thickness 
resistor length 
(!l.cm) 
(!l.cm) 
The initial resistance of resistors was measured for all potentiometers before they were placed 
in an oven at 160°C for a cure cycle of 7 days. The resistances were measured every day for 
seven days. 
3.10.2 Linearity 
An ideal linear variable resistor has a constant voltage output for each equal increment in 
linear movement of the slider. Linearity is the amount by which actual voltage output of a 
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PTF resistor varies from expected straight line of a "Output voltage vs. wiper movement" 
graph. As the PTF resistor forms a flat track with a specific width, part of it can be trimmed 
for linearity modification. 
In virtually all cases, the desired output function is directly proportional to the linear 
movement that is input. 
UIU.=m•a+a Equation 3-9 
whereby m characterizes the gradient, a the offset voltage of the potentiometer and a the 
linear travel. Where there is a linear relationship, the deviation is referred to as linearity. 
IX 
Figure3.8 linearity relationship {71} 
If a voltage Uo is applied to a potentiometer with a linear characteristic as in Fig 3-3 and the 
wiper is moved in direction a then the relationship illustrated in Fig 3-4 will exist between 
the output voltage U and the mechanically input value. 
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Figure3.9 Output voltage vs. Linear or Angular movement {71} 
The maximum deviation/ of the potentiometer curve from an ideal straight line is referred to 
as the independent linearity error. 
The +I-f is indicated as a deviation in percentage terms of the output voltage from the 
theoretical in relation to the input voltage. Since direct measurement of the potentiometer 
characteristic does not make it possible to assess the extent of such an error, only the 
difference between the potentiometer characteristic and that of an essentially perfect master 
potentiometer is plotted as in the practical example given in Figure 3.10 
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Figure 3.10 Linearity vs. Slider movement {71} 
The test equipment (figure 3.11) is designed to permit a continuous linearity error trace to be 
displayed on an oscilloscope. This is achieved by coupling the potentiometer under test, to a 
master reference transducer of high linearity accuracy, through a common link, and 
electrically matching the output voltage slope (volts/length) between the two. The outputs are 
fed through a differential amplifier whose output is then the linearity error of the 
potentiometer under test. The equipment has a built in calibration feature which permits 0.1% 
or 0.5% of the voltage applied to the potentiometers under test to be displayed. 
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Figure 3.11 Test equipment for Linearity measurement 
3.1 0.3 ENR 
Equivalent Noise resistance is a measurement of the resistance of the w iped contacts and is 
only relevant parameter if the output of the potentiometer is connected to a low impedance 
(1 OOK Ohm or less). 
For testing purposes. it is defined as any variation in the output, which is not present in the 
input parameters. A current of I rnA is passed via the wiper and one terminal of the 
potentiometer from a current source. An oscilloscope is connected between the wiper and 
free terminal. The wiper resistance now appears as vo ltage at the oscilloscope terminals. The 
50 ohm calibration is pressed and this shows up on the oscilloscope. 
The wiper is then moved in both clirections taking no longer than 15 seconds. The output is 
then displayed on the osci lloscope. 
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Potentiometer under test 
Oscilloscope 
Figure 3.12 ENR relationship 
3.11ADHESION MEASUREMENT BY TENSILE TESTING 
The adhesion tests were done using a tensile testing machine as per ASTM D 5179 {293} . A 
sandwich assembly was used whereby 30mm square substrate specimens printed with inks on 
both sides were used as test specimens sandwiched between two aluminium studs and connected 
to the tensile tester via coupling adaptors. Six specimens for each ink were tested. 
The technique employed to print the substrates was K-Bar printing. A wire wound bar, as 
produced by R-K print coat instruments and referred to as a K -Bar was used. The diameter of 
the wire wound around the bar controls the size of gaps between the winding, and hence the film 
weight of coating that was applied. The No.4 K-Bar was used, and was expected to give a wet 
film weight of 40~m. The bar was used with an 11 cm by 22cm impression bed, which is a rubber 
mat on a clipboard. The substrate to be printed on to was held on top of the impression pad by a 
spring clip. The K-Bar was placed on top of the substrate, just below the clip, and a drop of inks 
was applied just below this. Using both hands, the bar was drawn down over moulded DAP 
substrates ( I OOmm x 30mm x 2mm) at a steady rate, without rolling it. Once the printed side of 
the substrate was touch dry, the other side was printed in a similar way. Once that was done the 
substrate was placed in oven at 160°C overnight. 3 moulded substrates were printed for each ink 
and then 2 specimens were cut from each printed moulded substrate 
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ink 
K-Bar 
+--+-+---- substrate 
Figure 3.13 K-Bar printing equipment 
The aluminium studs were sanded with 80 grit sandpaper, making certain that surface was 
uniformly roughened. The sanded studs were cleaned with acetone. The studs were swirled in a 
beaker containing acetone. The acetone was poured out and the cleaning procedure repeated once 
more. The studs were then soaked in the acetone for 15 minutes, after which they were allowed 
to dry for 2 hours. 
The adhesive used was loctite superglue extra ( a cyanoacrylate adhesive). Four drops of the glue 
were spread on the polished surface of the aluminium stud. The stud was quickly pressed onto 
the coated specimen. A 2kg weight was placed on the aluminjum stud, so as to ensure good 
contact between stud, adhesive, and surface of coating. The weight was removed after two 
minutes and the same process was used for the other side of specimen. The excess adhesive from 
the edge of the studs was removed with cotton wool. The sandwich assembly (.figure 3.14) was 
allowed to cure for 2 hours at room temperature. 
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Figure 3.14 Sandwich assembly 
The lower stud was attached to lower coupling adaptor (attached to the base of the tensile tester). 
The upper coupling adaptor was attached to upper stud. The crosshead was slowly lowered and 
attached to the upper coupling adaptor, takillg care to prevent the crosshead impacting it . The 
dimensions and shapes of the aluminium stud and the coupling adaptor are in figure 3. 15. 
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Figure 3.15 Dimensions of aluminium stud am/ coupling adaptor 
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The tensile test was then started and automaticaUy stopped when the stress returned to zero. The 
maximum stress was noted. The test area on each specimen was examined so as to determine the 
type of failure. The maximum load was set at 5000 N. The crosshead speed was set at 2rnrnl 
min. The types of failure are listed in section. After the test, the aluminium studs were cleaned 
again with acetone. 
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4 RESULTS AND DISCUSSION 
4.1 TRANSMISSION ELECTRON MICROSCOPY TEM 
CHARACTERISATION OF CARBON BLACK POWDERS 
The TEM images of the carbon black powders have been put in order (from Figure 4. I - 4.8) o f 
increasing size as per suppliers' information. 
Figure 4.1 Monarch 480 (x50K magnification) 
Figure 4.3 Raven 14 (xSOk magnification) 
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Figure 4.2 Monarch 490 (x50k 
magnification) 
Figure 4.4 Monarch 120 (xSOkmagnificalion) 
Figure 4.5 Raven 16 (x50K magnification) Figure 4.6 Veg black 
MR842N (x50K magnification) 
I ?OOnm I 
Figure 4.7 Raven 450 (x50K magnification) Figure 4.8 Raven 22 (x50K magnification) 
The size distribution defined in this section is qualitative and is predicted from the different 
particle sizes observed from the micrographs. Meaningful statistical data on particle size 
distribution cannot be obtained as dilution would affect the quantitative data {74} 
The particle sizes of Monarch 480 and 490 are similar as is evident from the TEM images Figure 
4.1 and 4.2. It can be seen that there is a wide distribution of particle sizes with most of the 
particles measured as being in the diameter range of 20nm - 40nm. 
For the Raven 14, the average particle size according to technical information suppliers is 55nm. 
From the image Figure 4.3, it can be seen that the there is a wide distribution of particle size with 
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most measured ranging between 50nm- 60 nm in diameter. The largest particles have sizes of 
approximately between 80- 90nm. 
In the case of Monarch 120 (figure 4.4), the distribution of particle sizes is much wider when 
compared with Raven 14. Again most of the particles range between 54- 81 nm. There are some 
particles as large as 162nm in diameter, and as small as 20nm. The average particle size has been 
reported in technical data as 60nm. 
For Raven 16 (figure 4.5), the average particle size as per the technical data is 68nm. A wide 
distribution of particle sizes is measured from its image, most of the particles at approximately 
67 nm and few of the particles are measured at approximately 27nm and 121 run. 
From figure 4.6 of vegetable MR842N, the biggest difference from the rest of the carbon blacks 
is that there seem to be two distinct particle sizes. The larger particle size is measured at 
approximately 200nm and the smaller one at 27nm. This could be explained by its different 
manufacturing process, as the rest of the carbon blacks are all furnace blacks. 
Comparing the images of Raven 450 (figure 4.7) and Raven 22 (figure 4.8), it could be said that 
the particles seem larger for Raven 22. For Raven 450, lots of particles were measured at 
approximately 70nm in diameter. There were a few particles as large as 130nm in diameter and 
as small as 41 nm in diameter. Most of the particles measured from the Raven 22 image were 
approximately 80nm in diameter and some were measured at 54nm and 130 nm in diameter 
approximately. 
Overall, aJl the furnace blacks procured have a wide distribution of particle sizes with a majority 
of particles sizes in close range to those as per the technical data from suppliers. However 
vegetable MR842N was different, with two distinct sizes of particles evident from the images. 
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4.2 X-RAY PHOTOELECTRON SPECTROSCOPY XPS 
CHARACTERISATION OF CARBON BLACK POWDERS 
Table 4-1 presents the elements that were identified on the surface of the carbon black particles 
and their proportions. 
Table 4-1 Relative concentrations (%) of elem ents on surface 
Sample Oxygen % Sulphur % Carbon % 
Vegetable MR842N 2.9 1.2 95.6 
Monarch 120 0.8 0.3 98.8 
Monarch 480 5.3 1.3 93.5 
Monarch 490 1.4 0.4 98.2 
Raven 14 3. 1 0.4 96.6 
Raven 16 1.2 0.6 98 
Raven 22 1.2 I 98.1 
Printex 25 1.3 0. 1 98.6 
Lamp black 101 0.4 0.5 96.2 
The results from XPS do not correlate with the volatile content values from the technical 
information from the suppliers. As explained earlier this could be due to volatile content being 
measured a t very high temperatures of approximately 950°C. 
Monarch 4 80 has the highest percentage of e lements on the surface, while lamp black has the 
lowest. 
All the broad scan spectra for the carbon blacks are in Appendix. 
a) XPS oxygen spectra 
The chemical nature of surface oxygen was studied by fitting the 0 1s main peak to 3 sub 
peaks {72}; 
• C=O type peak (C=O, COOR) at 0 1 binding energy BE = 531.2 ± 0.2 e V 
• C-0 type peak (C-OH, CO -0-R) at 0 2 binding energy BE = 533.0 ± 0.2 eV 
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• Oxygen atoms in adsorbed oxygen and/or water at 0 3 binding energy BE= 537.1 ± 
1.1 eV. 
This was done for all carbon black samples except for Monarch 120, for which the surface 
oxygen concentration was too low for the fitting to be done 
The FWHM (Full width at half maximum) of the doublet peaks was approximately 2.5 + 0.3 
eV. 
In Table 4.2, the relative areas of the XPS oxygen peaks are shown. 
Table 4-2 Relative area (%) of the XPS oxygen peaks 
Peak 
Sample 01 Oz 03 
Vegetable MR842N 47.2% 52.7% 0.1% 
Monarch 120 - - -
Monarch 480 25% 60.24% 14.8% 
Monarch 490 20.7% 68.1 % 11 .8% 
Raven 14 14.5% 78% 8.2% 
In all the spectra, the 0 1 peak was less intense than the 0 2 peak and suggests that the carbon 
blacks exhibit more C-OH than C=O type surface groups. This is a general trend and has 
been reported elsewhere as well { 72}. The difference between the furnace blacks and 
vegetable blacks seems to be the high proportion of the C=O type surface groups and the 
absence of adsorbed oxygen atoms (0 3 = 0.1 % ). The fitted peaks are in Appendix. 
b) XPS sulphur spectra 
Sulphur was found at very low concentrations at the surfaces of all carbon blacks and 
therefore the main peak could not be fitted to any sub peaks. 
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4.3 PERFORMANCE EVALUATION OF CARBON BLACK 
RESISTORS 
4.3.1 50% Carbon black resistors 
A. Volume Resistivity 
The average final volume resistivities of the 50% carbon black resistors, once cured ( l60°C 
for 7 days) are listed below in Table 4-3. The particle size and structure is also listed as from 
Table 3-1. Structure is the extent of primary particle aggregation and is measured by DBP 
(dibutyl phthalate) absorption. 
All the resistances measured over a period of7 days are Listed in Appendix G. 
Table 4-3 Volume resistivity of 50% carbon bwck resistors 
IDBP 
Size !adsorption ~esistivity 
Nm ~c/100g ~.cm 
rv egetable MR842N 70 ~8 p.52 
!Raven 14 55 I 11 P.24 
!Raven 16 ~8 105 p.88 
!Raven 22 83 I 13 1.78 
Monarch 480 27 114 p.78 
Monarch 490 27 124 P.28 
Lamp black 95 117 ~.96 
Monarch 120 60 ~6 ~6.45 
Printex 25 (0.5) 56 ~5 ~3500 
Raven 450 75 Kl5 ~1360 
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The vo lume resistivity was measured as per Equation 2.3 and the dimensions of the carbon 
black tracks are depicted in Section 3.5. 
The measured vo lume resistivities fo r the carbon black tracks, decreased over the seven 
day period and was attributed to the loss of solvent. This is po11rayed in 
Figure 4.9. 
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Figure 4.9 Effect of curing on volume resistivity 
6 7 8 
The highest resistances were measured for Monarch 120, Raven 450, Special black and 
Printex 25 resistor tracks. The point to note is that these fo ur carbon blacks were the 
lowest structure carbon blacks with respect to the others. The higher volume resist ivity of 
Monarch 480 resistor than the Monarch 490 resistor can be attributed due to its lower 
structure. From the results, it is obvious that structure of carbon black has a very large 
effect on vo lume resistivity of carbon black composites. 
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Note that the resistor tracks of Raven 14, Raven 16 and Monarch 490 were the closest to 
vegetable black MR842N resistor track in terms of volwne resistivity. 
A plot of volwne resistivity of resistor against carbon black particle size was plotted for all 
the carbon blacks, which has similar DBP adsorptions except Monarch 120, Printex 25 
and Special black and is shown in Figure 4.1 0 . 
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Figure 4.10 Volume resistivity against carbon black particle size 
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The graph above shows that with increase in average particle size, there seems to be a 
general increase in volume resistivity of the resistors. However the is effect of particle size 
on volume resistivity of composite is not as predominant as that of the carbon black 
structure. 
Comparison of surface chemistry of carbon blacks with the volwne resistivity of the PTF 
resistors did not reveal anything of significance. The Monarch 480 carbon black particles 
had more oxygen surface groups than Monarch 490 carbon black particles (as evident 
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from Table 4 .1) and as such had a higher volume resistivity but the higher volume 
resistivity could also be accounted for by the lower structure of Monarch 480 carbon black 
particles. 
An exception to the trend was the lower volume resistivity of the vegetable black 
MR842N resistor track when compared to Raven 16 resistor track, even though the 
properties of both carbon blacks were similar. 
B. Linearity 
The average linearity of the resistors are listed in Table 4-4 together with the volume 
resistivity. The particle size and structure is also listed as from Table 3- 1. 
Table 4-4 Linearity of 50% carbon black resistors 
Volume 
~ize structure Resistivity Linearity 
Nm cc/lOOg n .cm % 
VegMR842N ro 98 0.52 0.40 
Raven 14 ~5 Ill 0.24 0.49 
Raven 16 ~8 105 0.88 0.60 
Raven 22 ~3 I 13 1.78 0.96 
Monarch 480 ~7 I 14 0.78 1.85 
Monarch 490 ~7 124 0.28 1.31 
Lamp black ~5 117 2.95 3.28 
Monarch 120 ~0 66 26.45 2. 16 
Printex 25 (0.5) ~6 45 >3500 
Raven 450 175 65 >1360 
Due to the very high volume resistivity of the printex 24, special black and Raven 450 
carbon blacks, the linearity could not be measured for these carbon blacks. The effect of 
structure of carbon blacks on linearity of the resistors could not be studied effectively. A 
graph of linearity of the resistors against particle size of carbon blacks was plotted. 
83 
~ 0 
~ 
'i: 
m 
c 
:J 
This was done taking into account that there was not a lot of difference amongst the 
carbon blacks in terms of structure. 
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Figure 4.11 Linearity Vs particle size 
The trend shows that as particle size of carbon black increases, the linearity of the resistor 
tracks decreases up to a point, after which the linearity starts to increase. Therefore a 
certain particle size carbon black would give the best Linearity of a resistor. 
C. Equivalent Noise Ratio ENR 
The results for the average ENR of the resistors are listed in Table 4-5 together with the 
volume resistivity. The particle size and structure is also listed as from Table 3-1. 
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Table 4-5 ENR of 50% carbon bl4ck resistors 
Volume 
size structure Resistivity ~NR 
Nm Cc/lOOg p .cm ~ 
Veg 70 98 0.521656 ~2.5 
Raven 14 55 Ill p.240684 ~5 
Raven 16 68 105 P.883382 120 
Raven 22 83 113 1.777275 ~05 
Monarch 480 27 11 4 P.784586 132.5 
Monarch 490 27 124 0.275367 ft5 
Lamp black 95 117 f2.952538 p87.5 
Monarch 120 60 66 ~6.45067 p9oo 
Printex 25 (0.5) 56 45 t>3500 
Raven 450 75 65 t> 1360 
A plot was ENR of the resistors vs. volume resistivity of the resistors was done and is 
shown in. 
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Figure 4.12 ENR Vs Volume resistivity 
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The plot of ENR vs. volume resistivity shows that the ENR is dependent on the volume 
resistivity of the carbon black resistor. In this case ENR increases with increase in volume 
resistivity of the carbon black resistors. 
4.3.2 Varied % carbon black resistors 
For investigation into variation in carbon black in inks, three carbon blacks were chosen as 
weU as Vegetable MR842N. As explained in section 3.5, resistors of Monarch 480 and 
Monarch 490 could not be produced from their respective 65% carbon black inks and 
therefore there are no results for the varied % carbon black resistors of Monarch 480 and 
Monarch 490. 
A. Volume Resistivity 
The results of average volume resis tivities of the different % carbon black resistors is 
listed in Table 4-6. 
Table 4-6 Volume resistivities of varied o/o carbon black resistors 
% carbon black 
Carbon 30 40 so 65 
black 
Vegetable MR842N 28.03 2. 13 0.52 0. 14 
M480 19.07 2.46 0.78 
M490 3.72 0.85 0.28 
RAVEN 16 41.8 1 9.97 0.88 0.22 
A graph of volume resistivities of resistors against % carbon black in inks was plotted as 
in Figure 4.13. 
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The graph shows that the volume resistivities of the resistors decrease as the % carbon 
black in inks increases, up to a point where it starts to level off. From figure 4.13, it is 
evident that a speci fic range of vo lume resistivities can be achieved with a wider range of 
Monarch 490 carbon black % than with any other of the carbon blacks. Therefore in the 
case of Monarch 490. minor errors in the formulation of carbon black inks would result in 
minor changes in vo lume resistivities of the inks, unlike Raven 16, where the changes in 
vo lume resistivities wo uld be substantially more. 
B. Linearity 
The average linearity resu lts of varied % carbon black resistors are listed in Table 4-7. 
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Table 4-7 Linearity(%) of varied % carbon black resistors 
% carbon black ink 
Carbon 30 40 50 65 
Black 
VEGBLACK 7.00 1.94 0.40 3.53 
M480 3.02 1.2 1 1.85 
M490 1.41 1.11 1.3 I 
RAVEN 16 7.00 2.57 0.60 2.88 
A graph of linearity resistors aga inst % carbon black in inks of was plotted as in Figure 
4.14. 
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Figure 4.14 Linearity Vs % carbon black 
The trend shows that as % carbon black in ink increases, the linearity of the resistor tracks 
decreases up to a point, after which the linearity starts to increase. Therefore in the case of 
a!J carbon blacks there is a specific % carbon black ink that gives the best linearity of a 
resistor. 
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C. Equivalent Noise Ratio ENR 
The results are listed in Table 4-8. 
Table 4-8 ENR ofvaried % carbon black resistors 
% carbon black ink 
Carbon 30 40 so 65 
black 
!Vegetable MR842N 2780.00 36 1.50 92.50 20.00 
M480 1042.50 425.00 132.50 
M490 849.50 162.00 45.00 
RAVEN 16 1995.00 528.13 120.00 4 1.25 
Once aga in, as in Section 4 .1.3 A iii, the ENR is dependent on the volume resistivity of 
the carbon black resistor i.e. the correlation of ENR with the % carbon black in inks is 
s imilar to that for volume resistivity. 
4.3.3 Different binder resistors 
The different binder res istors were p roduced by direct p rint ing the carbon black inks onto 
moulded substrates. The reaso n why this was done is explained in sect ion 3.5. 
A. Volume resistivity 
The volume resisti vity measurements are listed in Table 4.9. 
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Table 4-9 Volume resistivity of different binder resistors 
% carbon 
BINDER b lack ink 
30 40 50 65 
DAIP I 1.77 1.25 1.14 0.85 
phenolic 1.64 0.44 0.44 0.32 
A graph of vo lume resistivity against % carbon black in the ink was plotted as in figure 
4. 15. 
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As the carbon black % in ink increases, the vo lume resistivity of the resistors decreases 
until it levels off Overall , the volume resistivities of phenolic binder resistors are lower 
than the DAIP binder resistors. The vo lume resistivities of direct printed DAIP binder 
resistors were expected to be the same as the transfer printed DAIP binder resistors. 
However this was not the case as seen by a plot of vo lume resistivity against % carbon 
black in the ink in figure 4.16. 
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Figure 4.16 Volume resistivity Vs % carbon black for transfer printed and direct 
printed resistors 
From the plot in figure 4.16, the difference in vo lume resistivity between the two is more 
obvious with higher vo lume resistivity resistors i.e . the lower% carbon black resistors. 
In the case of direct printed tracks, the silver terminals are printed first with two layers of 
carbon black on top. This is illustrated from a side view as in figure 4. I 7. 
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Figure 4.17 Direct primed resistor 
In the case of transfer printed tracks, two layers of carbon black are printed on to an 
aluminium substrate. The silver terminals are then printed on top. 
The aluminium substrate is then placed in a mould where the ink is transferred on to a 
moulded substrate by compression. The way the inks are on top of the moulded substrate 
is illustrated in figure 4.18 
Figure 4.18 Transf er printed resistor 
There is better contact between the whole thickness of the carbon black resistor and the 
silver terminals, fo r transfer printed resistors than for direct printed resistors. The apparent 
thickness, in terms of contact with sil ver termination may be lower fo r the direct printed 
resistors than the transfer printed resistors. This may explain the higher volume res istivity 
fo r the transfer printed resistors, which is evident only high res istivities (resistivity is 
directly proportional to thickness of resistor fro m equation 2.2). 
B. Linearity 
The average linearity of the direct printed res istors are listed in Table 4.1 0. 
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Table 4-10 Linearity(%) of different binder resistors 
% Carbon 
BINDER black ink 
30 40 50 65 
DAIP 7.55 2.60 0.96 4.88 
Phenolic 1.53 0.89 0.95 2.53 
The linearity of the phenolic resistors were found to be lower than the corresponding 
DAIP resistors. The comparison is iUustrated in figure 4.19 
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Figure 4.19 Linearity of DAIP and phenolic resistors 
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C. Equivalent Noise Ratio 
The average ENR of the resistors is Listed in Table 4-11 . 
Table 4-11 ENR of different binder resistors 
% carbon 
BINDER black ink 
30 40 50 65 
tf>AIP 272.50 55.35 54.68 36.78 
Phenolic 246.88 53.38 52.70 39.32 
The ENR of the resistors was again dependent on their volume resistivity i.e. the 
correlation ofENR with the % carbon black in inks is similar as that of volume resistivity. 
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4.4 SCANNING ELECTRON MICROSCOPY 
Glas slides printed with carbon black inks were analy ed via canning electron microscopy to 
produce images. All lhe images are in Appendix. The magnifications at which the glass slides 
were analysed were magnification x 50000 and magnification x I 00000. U nJess specified, the 
images in this section are all of magnification x 50000. The images show the carbon black 
network formed with the help of the polymer binder. The network formed (due to aggregation) 
can be seen not only across the plane of the image but also into the plane of image for most the 
carbon black inks. The more the network builds into the plane of the image, the more it becomes 
irregular. 
ln this section, inks with carbon black of similar particle size and DBP absorption (as depicted in 
Table 3- 1) have been compared. Structure is measured by DBP (dibutyl phthalate) absorption 
{ 18} . The extent of primary particle aggregation is called structure { 15} . The particle size and 
DBP absorption (Table 3- 1) is Listed below each image 
4.4.1 50% Carbon black inks 
The images of Monarch 480 and Monarch 490 carbon black inks are depicted in figure 4 .20 
and figure 4.21. The particle size and DBP adsoprtion of these two carbon blacks are very 
similar and are listed below the images. The effect of the sUghtly hlgher DBP absorption of 
Monarch 490 carbon black than the Monarch 480, cannot be easily noticed by looking at the 
images as they look similar. The aggregation results in a carbon network forming and the 
carbon black network looks very similar. 
95 
.-·.: ~ 't' • :· • . ~ ... c.;,·:. : .• • • •" ·:.~'-t ~· f ~ ~ .. .;.~·:.: ": ·• ·.'.1 ~. '·. H. ( 
' •• ·~ < •••• \ .... ~ _,._ ... \' • • • • '. • • • .. • • • • . • • • . ) 
·-· .• • • L:_. '· •• < ~ . • • • • . .• ~ • 
114 . 'l>'LI ~ .. ,_ '\. • f'' • • .l''l •· •,,~ 
·• ~ ·, c r;:. ..... , ·~ . : ... ·. • } ·J t • • . -~ . • ... 
'T c ___ .. , • '( ~. ,. ¥ '\h• r. •• •. ·- - • --
\'·.. • • _,_ •• • ·" •• ". ... : . .. ... ~ . ,._ • f .. . • • ·4t.-~c·C". ... -~- ,;--...7_~ ..... . · ·•.· ... _,,.. ·:.- ·.' •• -_ ... \· 
. . ~ .. . .r ·x ., (''' • • . .. • " 
.... I . • 'J: • ~·!? .,, t-' .•. •· ~ • ,-.··.·. O,.t.·" I -~ 
'}). ,. '~t:-· -~-~~ "·; ··'i "'\ rJ •. :;· .... --~· ':<',..· ~- ._·:;.: 
. . ;.. ., ! ..... ~ . .-;· . '-'"~~. "' . ..) "• .... 
.. J ' - .·ll .. "-4.., .ol -~· t' • 1 I...-, . 
"\'-"'·.; .• ~ ...... .,., ~ ....... ~ ... .:1.' \ .·~ .-~· :.~ .• • 
·. "\.•'"'-~~~~~ ·\-,.··..-~,. .... ;!. ... '}:Y.'. ·A_i~ .. I ,r.,._ 
... ~ ~ ........ ''I ... I' ... __, . • . ~,.. . ... fl..... • 
•._,. ,Tf ~ ~ ''f'l t '" •, . ,.._r. 
. n • • • .. '.,. •/ • .. • . . • '. u "' ,. • • • :r ~.,.. ~ .r· .. .. •" ~- .• . • . • '.,. • ). 
.,., ,...· ~~ ... 7t .. , "''" . . . .~ . .._ ·- ··r· ., .-:-. J • • OJ'• 
. -~. . . ··-·_,., . . ... . ... .. . ... : ..... •, "1~ •. . ;.<ll ~ r . ·. ' ' ~ _, .. '1 , . .. ~ .. .._ . • '~ ·~·:· -~ .j ',Y"•_-,:,,~_ -~ ·.·, :..;... ·'' _., ' . . 
,. ... ,_ l ·~·' \. \ ·"."...._,•' - I '• . - , . . .. ' . '"'- ·- ' ~ ·.. ,. . ..... . ~-' .. -:: 1 ' - ' ' .••.• , . ~\ ....... ,.-. '~, • ~·,-r'-~ ~-- ..... 
•..- (.~ .. , .. ?H ·, ,., • •• • • 
Figure 4.20 Monarch 480 ink (27 nm, 114cc/100g) 
Figure 4.21 Monarch 490 ink (27nm, 124cc/100g) 
The effect of increasing DBP absorption of the carbon blacks can be seen by looking at the 
images of Printex 25, Monarch 120 and Raven 14 (figure 4.22-4.24), which all have similar 
carbon black particle size. The DBP adsoprtion of carbon black increases in the order as 
above. Increase in DBP absorption can be seen with a more irregular network. 
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Figure 4.22 Printex 25 ink (56nm, 45cc/100g) 
Figure 4.23 MoiUlrch 120 (60nm, 66cc/100g) 
Figure 4.24 Raven 14 ink (55nm, JJ lcc/lOOg) 
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There should be a similar effect of increasing DBP absorption of carbon blacks when we 
compare Vegetable MR842N and Raven 16 (figure 4 .25 and figure 4.26) However, that 
comparison cannot be made because the aggregates seem to be bigger for Vegetable 
MR842N than Raven 16. 
Figure 4.25 Vegetable MR842N (70nm, 98cc/100g) 
Figure 4.26 Raven 16 ( 68nm, 1 OScc/1 OOg) 
Figure 4.27 - figure 4.31 show carbon black inks in order of increasing particle size 
(almost similar DBP adsoprtion). 
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Figure 4.27 Monarch 480 ink (27nm, 114cc/100g) 
Figure 4.28 Raven 14 ink (SSnm, lllcc/JOOg) 
Figure 4.29 Raven 16 ink (68nm, JOScc/JOOg) 
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Figure 4.30 Raven 22 ink (83nm, 113cc/100g) 
By looking at Figure 4.28 - 4.30, we can roughly make out the increase in particle size. 
4.4.2 Varied % Carbon black inks 
The 30%, 50% and 65% carbon black inks of Vegetable black MR842N, Raven 16, Monarch 
480 and Monarch 490 were analysed through scanning electron microscopy. Images of 
carbon black ink printed glass slides were produced at magnifications x 50000 and 
magnification x 100000. 
Figure 4.31 shows the images of the varied % carbon blacks inks of Vegetable MR842N and 
Raven 16. 
As the % carbon black increases, lhe aggregation of the carbon black particles increases 
initially across the plane and then also into the plane which leads to a more irregular carbon 
black network. Once more, it can be seen from figure 4.3 J that even though the carbon black 
particle sizes are stated to be similar, the Veg MR842N ink contains a mix of large particles 
and also small particles. 
100 
65 %Raveo 16 
Figure 4.31 Varied % carbon black inks of Vegetable black MR842N & Raven16 
The varied % carbon black ink images of Monarch 480 and Monarch 490 are very similar to 
each other and can be seen in Appendix. 
4.4.3 Different binder inks 
In figure 4 .32, images are shown not only of two inks with the different binder but also varied 
% carbon black inks of both the binders. 
101 
The images show that phenolic inks have a higher irregular network than the corresponding 
% DAIP inks. As % carbon black increases for both binder inks, the network becomes more 
irregular. However in the case of DAIP inks, the increase in carbon black concentration is 
more obvious than in the case of phenolic inks. 
Figure 4.32 Varied % DAIP and Phenolic inks 
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4.5 CURING KINETICS 
The curing kinetics of the DAIP and phenolic binder were investigated using the Differential 
Scanning Calorimetry. 
Figure 4.33 shows a DSC thermograms for the 50% DAIP ink and 50% Phenolic ink after 
solvent has evaporated. The DSC thermogram of the 50% phenolic ink is similar with respect to 
temperature range at which curing occurs. The heat of reaction is however lower at about 20 Jig. 
Also decomposition occurs above 400° C, unlike that of DAIP, which starts at about 275° C. The 
curing for both the inks occurs between 1 00°C and 200°C. 
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Figure 4.33 DSC thermograms of DAIP ink & Phenolic inks 
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Both inks were analysed at various constant temperatures with DSC to produce isothermal 
thermograms. The temperatures at which the DSC was conducted were between 130°C and 
170°C at I 0°C intervals. AU the isothennal DSC thermograms are in Appendix . The isothermal 
DSC thermogram for the DAIP ink at 170°C is shown below in figure 4.34 
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Figure 4.34 Isothermal DSC thennogram of DAJP ink at 17rfC 
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Each thermogram shows an exothermic peak followed by an exponential decay. The DSC 
software allows the heat generated to be calculated at various times. The heat generated was 
calculated at 60s, 90s, 120s and 300s and for full cure at the various temperatures. From these 
results, the degrees of cure was calculated at 60s, 90s, 120s and 300s. Degree of cure against time 
was then plotted for the various temperatures as shown in figure 4.23. 
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From that, the times at which various degrees of cure occurred were measured. The degrees of 
cure fo r which the time was measured were 0.1 , 0.2. 0.4 and 0.5. 
The slope from the plot of ln (degree of cure/t) Vs 1/T (figure 4.24) gives values of activation 
energy at the various degrees of cure. The average acti vation energies were calculated for the 
inks. 
The slope fro m the plot of ln (degree of cure/t) Vs In (1 - degree of cure) (figure 4.25) gives value 
of kinetic order at various temperatures. 
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Figure 4.35 Degree of cure vs. time for DAIP ink. 
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The average activation energy of the cure is listed in table for the DAIP ink and the pheno lic ink. 
Table 4-12 Activation energy of cure 
DAIP Phenolic 
ink ink 
Activation energy KJ/mol 100.99 86.35 
The kinetic order of the curing reaction for both the inks was found to be zero . 
4.6 ADHESION 
Six specimens were tested for each ink. The maximum stress and the type of failure were 
reported for each test. These are all listed in Appendix. ln Table 4.13, the average Tensile 
strength as well as the average percentage failure is presented for each ink. 
The tensile strength was calculated as {75} 
Tensile strength = Maximum stress I Area of test specimen 
The failure types {75 } are described below as; 
A cohesive failure of substrate 
NB adhesive failure between substrate and coating 
B cohesive failure of coating 
-IY adhesive failure between coating and adhesive 
Y cohesive failure of adhesive 
Yrz adhesive failure between adhesive and stud 
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Table 4-13 Adhesion results 
CARBON BLACK TENSILE TYPE OF FAILURE 
INK STRENGTH MPa 
30%DAIP 17.01 53% NB, 31% B, 8% -/Y, 8% Y/Z 
50%DAIP 15.22 60% NB, 16% B, 5% -/Y, 19% Y/Z 
65%DAIP 14.61 65% NB, 13% B, 6% -/Y, 16% Y/Z 
30% PHENOLIC 7.25 10% NB, 83% B, 6% Y/Z 
50% PHENOLIC 7.00 60% NB, 20% B, 10% -IY, 8% Y/Z 
65% PHENOLIC 6.93 71% NB, 5% -IY, 24% Y/Z 
50% RAVEN 16 14.1 53% NB, 20% B, 10% -/Y, 18% Y/Z 
50%M480 11.2 62% NB, 18% B, 5% -IY, 15% Y/Z 
50%M490 12.4 72% NB, 10% B, 4% -/Y, 14% Y/ Z 
From the results above it can be seen that DAIP inks adhere more strongly to the substrate than 
the phenolic inks. The tensile strengths for the vegetable MR842N, Raven 16, Monarch 480 are 
almost similar with that of Monarch 480 being slightly less. 
The effect of concentration of carbon black on adhesion is more evident in DAIP inks than it is 
. for phenolic inks. As % carbon black increases for DAIP inks, the adhesion to substrate becomes 
poorer. In the case of phenolic inks, the adhesion seems not to be affected by the % carbon black 
in the inks, in the range of30%- 65%. 
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4.7 GENERAL DISCUSSION 
In this section, all the results are discussed with respect to effect of different carbon blacks and 
different binders 
4.7.1 Different Carbon blacks 
The volume resistivity of all the different carbon black resistors decreased with curing. The 
decrease occurred mainly in the first 24 hrs and was constant thereafter (figure 4.9). This 
trend may be attributed to the loss of solvent and decrease in mass and not physical shrinkage 
of the binder {76}. As solvent evaporated, the contact between the carbon black particles in 
resistor, increased therefore resulting in lower resistivity. A similar behaviour was noted by 
{77} who suggested that this is understood to be due the re fonning of the structure of carbon 
black which were broken down during mixing and printing. After a certain curing time, all 
the broken structure is re formed and thus the resistivity levels off. 
Volume resistivity of the resistors was also dependent on the particle size of the carbon black 
particles, with volume resistivity increasing with increase in particle size (figure 4.10). 
Various authors { 35} { 30} {78} { 79} have noted this behaviour. This can be explained by 
the fact that smaller particle diameter would lead to smaller gap width and therefore more 
conducting paths per unit volume { 35}. It could also be possible that this is due to smaller 
particles being able to arrange themselves more easily into chains then do coarser types { 35}. 
The other explanation offered by the author {30} {35} is that a smaller particle size (or 
aggregate size) retards the attainment of good separation dispersion i.e. dispersion in which 
agglomerates are all broken apart and aggregates are separated from each other by an 
appreciable gap. This is because smaller aggregate size favours effect of inter-aggregate 
attractive forces vs. viscous drag of the polymer, which tends to pull the aggregates apart 
from each other during mixing. {78} and {79} also believes that the increase in resistivity is 
due to small particle size of carbon black produces much excess free energy when mixed with 
resin and therefore tend to cohere easily. 
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The carbon black powders were analysed via TEM. From the images, particle size was 
measured. The measured particle sizes concurred with those quoted by the manufacturers for 
all the carbon blacks except for Vegetable MR842N black and Lamp black 101. Their TEM 
images showed 2 distinct particle sizes. The presence of two distinct particles was also 
evident from the SEM images taken of the inks of the two carbon blacks. This may have had 
an effect on volume resistivity of the resistors. When vegetable MR842N black resistors were 
compared with Raven 16 resistors (having similar quoted particle size and DBP absorption) it 
was found that they had a lower volume resistivity. This could be due to the better packing of 
carbon black particles for Vegetable MR842N black and their ability to arrange themselves 
more easily into chains of as a result having particles of large and small sizes. 
The particle size was also found to affect the linearity of the resistors as in figure 4.11. Poor 
linearity can be said to occur due to gaps in carbon black distribution or packing and 
congestion or clustering of carbon black of carbon black particles I aggregates along the 
length of carbon black resistor. The trend showed that as particle size increased, the linearity 
of the resistors decreased up to a point, after which it increased. As particle size increased, 
the packing of particles or aggregates would get poorer and hence poor linearity. The smaller 
the particles, the higher the attraction between the particles and thus higher tendency to 
aggregate. This would result in apparent increase in the size of carbon black particle. This 
may be why the resistors of the low particle size carbon blacks show similar behaviour as the 
high particle size carbon black in terms of linearity. The optimum particle size for good 
linearity was in the range of 50 -60nm. 
The surface chemistry of the different carbon blacks was analysed via XPS. Monarch 480 
carbon blacks had the highest percentage of elements on the surface of the particles (Table 
4.1). The presence of more oxygen and sulphur groups on surface of monarch 480 carbon 
black particles could account for its higher volume resistivity than Monarch 490 since surface 
groups increase resistivity. Various reasons were suggested for this { 35}. It could be because 
mobile electrons of carbon black may be localised by the impurity atoms or the surface 
groups could raise the potential barrier or form insulation coating around the carbon black 
particle thus increasing resistivity 
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The structure of carbon black was found to have the most dominant effect on volume 
resistivity. Dominant role of effect of structure of carbon blacks on resistivity was also noted 
by { 49). This can be seen with very high decrease in volume resistivity with increase in DBP 
absorption as from Table 4.3. Structure {35) or bulkiness of CB aggregates would be 
expected to play a role similar to loading, since aggregates of higher structure occupy in 
effect a higher volume of the composite but this could not be effectively studied because of 
limitations of testing equipment in measuring the resistivity of the low structure carbon black 
resistors. As the DBP absorption increases from Printex 25 to Monarch 120 to Raven 14, a 
more irregular network of carbon black particles can be seen on the SEM images (figure 
4.23-figure 4.25). 
A more irregular network results in a smaller gap between conductive particles and therefore 
more potential paths for electron transfer through the binder and therefore lower volume 
resistivity { 49). Volume resistivity does increase in order from Printex 25 to Monarch 120 to 
Raven 14 as evident from Table 4-3. 
The effect of structure of carbon black on linearity of resistors could not be investigated. This 
was because linearity could not be measured for the very high structure carbon blacks due to 
the limitation of the testing equipment, as the volume resistivities were too high. 
The volume resistivity of resistors decreased at a decreasing rate as % carbon black in inks 
increased up to a point where it starts to level off as seen in Figure 4.13. This non-linear 
characteristic has been observed by various authors {80) {77) {51) {78). This characteristic 
is known as the Percolation threshold effect, which is a phenomenon observed in filler matrix 
systems as extreme change in certain physical properties within a rather narrow concentration 
ofrange of heterogeneity { 81 ) , in this case a significant decrease in resistivity observed in a 
narrow range of concentration range of carbon black. This is explained by the formation of 
electrical conductive path through binder matrix in such a way that conductive particles 
which create the path are in contact at the filler concentration corresponding to the 
percolation concentration/threshold { 81) { 80). Electrical resistivity is not affected until a 
continuous conductive carbon black network is formed { 32). 
In the case of percolation theory, the formation of infinite percolative network through 
compound assumes only physical contact between the conductive aggregates { 36} { 82). 
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The other mechanism by which conduction is supposed to occur is by tunnelling {32}. 
No physical contact is required in that case. Especially for carbon blacks, the conductive 
particles are separated by a polymer film or voids { 32}. i.e. the charge carriers are allowed to 
tunnel from one conductive cluster to another with no need of physical contact. In effect this 
means that the mechanism would yield to decrease resistivity values before any contact 
between particles was achieved { 36} { 80}. 
According to { 35} at normal loadings, the dominant mechanism of conduction is tunnelling 
through the particle gaps. At higher loadings, conduction is not limited by tunnelling but by 
intrinsic conductivity of the carbon black i.e. within the carbon black aggregates via contact. 
As results were only obtained for inks from upwards of 30% carbon concentration, the 
percolation threshold could only be estimated with the use of trend lines for some of the 
carbon black resistors. For Vegetable MR842N, Monarch 490 and Raven 16, the percolation 
threshold appears to be at 35 % carbon black concentration (figure 4.13). In the case of 
Monarch 480, the percolation zone appears to be at 30%. It appears therefore that lower 
particle size leads to lower percolation threshold. Investigations carried out by { 48} showed 
similar behaviour. From the results its is evident that a specific range of resistivities may be 
achieved with a wider range of % carbon black concentration for resistors of Monarch 490, 
than with any of the other carbon blacks. 
Raven 16 resistors had higher volume resistivities overall than the Vegetable MR842N black 
resistors. The SEM image of the two carbon blacks show the presence of two distinct particle 
sizes in Vegetable MR842N black and this results in better packing of the carbon black thus 
resulting in a better network and hence lower resistivity. The difference between Monarch 
490 and Monarch 480 resistors may be attributed to the surface chemistry as explained above. 
Linearity of the resistors was also affected by varying % carbon black in inks as shown in 
Figure 4.14. As % carbon black in inks increases, the linearity of the resistors decrease up to 
a point after which it starts to increase. This may be attributed to when % carbon black is low 
and high, there may be a wider distribution of gaps between carbon black particles in the 
carbon black network i.e. poor dispersion. Dispersion in this context describes the 
distribution of the carbon black particles in the medium, including primary particles as well 
as the larger aggregates and agglomerates { 83} The lowest linearity is achieved when there is 
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a narrow distribution of gaps between carbon black particles in the carbon black network 
(good dispersion). This can be seen on the SEM images of the Vegetable MR842N black 
resistors and the Raven 16 resistors in Figure 4.31. 
4.7.2 Different Binders 
The curing kinetics (section 4.5) show that the in term of curing behaviour, the phenolic 
binder is similar to the DAIP binder, with curing occurring between 1 00°C and 200°C. 
However phenolic binder thermally decomposes above 400°C, while the DAIP decomposes 
above 275°C. 
However there was difference in volume resistivity between the two binder resistors (figure 
4.15). The volume resistivities for both binder resistors increased at an increasing rate as the 
% carbon black decreased, however over the range from 30% carbon black to 65% carbon 
black, the DAIP resistors had higher volume resistivity than the corresponding phenolic 
resistors. It also appears that the percolation threshold for the DAIP binder resistor was 
higher than that of the phenolic binder resistor. The percolation threshold of the phenolic 
binder resistors appear to be below 30% CB and the 30%B - 65%CB seems to be the 
conduction zone. The SEM images (figure 4.32) relate to the results above with the phenolic 
inks having more irregular network than the corresponding DAIP inks in the range 30%CB to 
65% CB. Also the increase in concentration and hence increase in irregularity of network is 
more obvious in DAIP inks than phenolic inks. 
Linearity of the phenolic binder resistors were found to be better than the DAIP binder 
resistiors in the range of between 30%CB to 65%CB. This needs to be investigated further so 
as to understand why this is the case. 
In terms of adhesion (4.13), the DAIP inks were found to have better adhesion to the 
substrate than the phenolic inks. This is due to the DAIP binder and DAP substrates having 
similar chemical structure and hence resulting in primary bonds i.e. covalent bonds occurring. 
One unusual factor seen in the adhesion results was that there was an increase in adhesion as 
the % carbon black increases was a lot more obvious in DAIP inks than the phenolic inks. 
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5 CONCLUSIONS 
Various carbon blacks were investigated so as to compare the effect carbon black properties had 
on the performance of polymer thick fihn resistors. The carbon blacks selected were mainly 
furnace blacks due to easy availability. The study showed that various furnace blacks could be 
selected to achieve similar performance to that of Vegetable MR842N black. 
The investigations revealed that the effect of carbon black properties on the performance of 
polymer thick fihn was very substantial. Structure of carbon blacks was found to have the most 
dominant effect on resistivity of resistors, with higher structure carbon blacks producing lower 
resistivity resistors. Therefore in terms of end use of the polymer thick fihn resistors in 
potentiometers, the carbon blacks that could be used had to be similar to Vegetable MR842N 
black in terms of structure. In terms of printability, the higher structure carbon blacks proved to 
be better than the lower structure carbon blacks and this contradicted the results obtained by 
{84}. 
The effect of structure on linearity could not be investigated due to limitations of the test 
equipment. Neither could effect of structure on adhesion be investigated, as more low structure 
carbon blacks could not be procured. 
The particle size ofthe carbon blacks was also found to have an effect on resistivity as well, but 
less substantial than the structure of carbon blacks. Resistivity increased with increase in particle 
size. Due the lesser effect of particle size on volume resistivity than structure, resistors with a 
usable range of resistivities could be produced by using various carbon blacks. Linearity was also 
affected by particle size with it being better at one particular range of particle size but poorer 
below and above that. Vegetable MR842N and Raven 16 particle size were in that optimum 
range. 
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With respect to effect of concentration, Monarch 490 was found to be most suitable. This was 
because change in resistivity with concentration was much lower than the rest of the carbon 
blacks. This would allow resistors with more precise resistivities to be produced because 
resistivities would be less sensitive to errors in formulation and production of resistor inks. 
However, effect of concentration below 30% CB would have to be investigated further. 
The printability of all different carbon black resistors was good except for high % Monarch 480 
and 490 inks. This is certainly an area that needs to be studied in more detail. In terms of 
adhesion, there was not much difference between the carbon blacks as that was the main function 
of the binder. 
Overall, Raven 16 was found to be most suitable carbon black that could be used as a 
replacement for Vegetable MR842N black in terms of effect on performance of polymer thick 
film resistors. 
In terms of binder, phenolic resin was found to be suitable in terms of performance. On main 
advantage of phenolic binders was that resistors with more precise resistivities could be produced 
because resistivities would be less sensitive to errors in formulation and production of resistor 
inks. This was because the change in resistivity between 30% CB and 65% was lot higher for the 
DAIP binder resistors than the phenolic binder resistors. The printability of the phenolic binder 
was of concern when transfer printing but this could be modified with additives and needs to be 
investigated further. However in terms of adhesion, phenolic inks were found to be poorer. 
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6 FUTURE WORK 
Various aspects in the work done can be looked at further. Some work that could not be carried 
out due to limitations of testing equipment should be prioritised. This included investigation into 
effect of structure of carbon black on resistivity and linearity. Future work could involve 
working with test equipment, which would allow higher resistivities and higher linearities to be 
measured. Investigation into lower concentrations of carbon black in inks would be highly 
desirable. There has been some work carried out on the blending of different carbon blacks 
previously and this area should be investigated. 
Whether this effects the performance of the resistors or not will require more work to be carried 
out in terms of life testing of the resistors, which could involve measuring resistivities and 
linearity over a period of time while the resistors are being 
Studies can be carried out to investigate the temperature dependence of resistance. One form of 
doing this is to calculate the Temperature coefficient of resistance {78} {77}, which is the 
change in resistance as a function of temperature and exists in all resistors. 
Further work should also be carried out by using more different binders to produce resistors. 
An important aspect to look into would be life testing of the resistors. This would involve 
evaluating the performance of the resistors over a period of time ( 4 - 6months) while undergoing 
repeated sliding. This was thought of initially but could not be taken forward due to the time 
constraints 
Another area to look into would investigation into effect of substrate on the performance of 
resistors and this can be done by comparing various polymer substrates. 
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50% VEG MR842N 
Sample Resistance Resistivity Linearity ENR 
I 2.88 0.50449 0.25 80 
2 2.9 0.507993 0.65 lOO 
3 2.84 0.497483 0.5 90 
4 2.91 0.509745 0.35 lOO 
5 3.07 0.537772 0.5 
6 2.97 0.520255 0.55 
7 3.05 0.534269 0.25 
8 3.04 0.532517 0.3 
9 3.13 0.548282 0.25 
10 2.99 0.523758 0.4 
AVG 2.978 0.521656 0.4 92.5 
50% RAVEN 14 
Sample 
1 Resistance Resistivity Linearity ENR 
2 1.36 0.238231 0.1 30 
3 1.35 0.23648 0.3 40 
~ 1.33 0.232976 0.85 40 
5 1.32 0.231224 0.55 30 
6 1.4 0.245238 0.2 
7 1.42 0.248741 0.75 
8 1.4 0.245238 
9 1.4 0.245238 0.55 
10 1.38 0.241735 0.6 
AVG 1.38 0.241735 
1.374 0.240684 0.4875 35 
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50% RAVEN 16 
Sample 
I Resistance Resistivity Unearity ENR 
2 4.68 0.819796 0.3 120 
3 4.74 0.830306 0.7 120 
4 4.78 0.837313 0.5 120 
5 4.89 0.856581 0.85 120 
6 5.22 0.914387 0.65 
7 5.28 0.924898 0.5 
8 5.58 0.977449 0.8 
9 5.47 0.95818 0.75 
10 4.8 0.840816 0.6 
AVG 4.99 0.874098 0.3 
5.043 0.883382 0.595 120 
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RAVEN22 
Sample 
I Resistance Resistivity Linearity ENR 
2 9.37 1.641343 0.4 320 
3 9.79 1.714914 1.45 300 
4 10.3 1.804251 1.45 300 
5 10.3 1.804251 0.55 300 
6 10.6 1.856802 1.3 
7 10.2 1.786734 0.35 
8 10.1 1.769217 1.35 
9 10 1.7517 0.55 
10 10.4 1.821768 1.05 
AVG 10.4 1.821768 1.1 
10.146 1.777275 0.955 305 
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MONARCH 120 
Sample 
1 Resistance Resistivity Linearity ENR 
2 155 27.15135 2.7 3400 
3 104 18.21768 2.7 3600 
4 109 19.09353 1.8 4400 
5 136 23.82312 1.3 4200 
6 145 25.39965 2.3 
7 182 31.88094 2.5 
8 191 33.45747 3.25 
9 137 23.99829 1.6 
10 188 32.93196 1.5 
AVG 163 28.55271 1.5 
151 26.45067 2.115 3900 
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MONARCH480 
Sample 
I Resistance Resistivity Linearity ENR 
2 4.51 0.790017 1.5 130 
3 4.63 0.811037 1.8 140 
4 4.54 0.795272 2.6 140 
5 4.43 0.776003 2.6 120 
6 4.75 0.832058 1.15 
7 ~.39 0.768996 4 
8 ~t.31 0.754983 I 
9 !4.6 0.805782 1.8 
10 4.44 0.777755 1.25 
AVG 4.19 0.733962 0.8 
4.479 0.784586 1.85 132.5 
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MONARCH490 
Sample 
I Resistance Resistivity Linearity ENR 
2 1.5 0.262755 1.4 50 
3 1.44 0.252245 1.2 30 
~ 1.5 0.262755 0.9 50 
5 1.43 0.250493 0.625 50 
6 1.58 0.276769 1.25 
7 1.62 0.283775 0.8 
8 1.67 0.292534 1.7 
9 1.66 0.290782 2.4 
10 1.66 0.290782 1.8 
AVG 1.66 0.290782 I 
1.572 0.275367 1.3075 45 
!52 
LAMP BLACK 101 
Sample 
I Resistance Resistivity Linearity ENR 
2 16.312 2.857373 2.5 700 
3 18.599 3.257987 3.75 650 
4 16.841 2.950038 2 650 
5 23.839 4.175878 5 750 
6 25.622 4.488206 5 
7 17.761 3.llll94 1.4 
8 
9 
10 
AVG 
19.829 2.952538 3.275 687.5 
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ALL RESISTANCE$ ARE IN Kohms 
1.0 30% M490 PRINTED WITH NO PROBLEMS 
TRKNO 0 1 2 3 6 7 
1 184.1 27.4 24.4 32.7 21.2 20.7 
2 191.5 28.8 25.6 24.9 22.1 21.6 
3 . 199.1 27.2 24.2 23.5 21 20.6 
4 184.3 26.8 24 23.3 20.9 20.4 
5 183.8 27.8 24.7 24 21.3 20.8 
6 199.2 28.2 25 24 21.6 21.1 
7 197 27.3 24.4 23.3 20.8 20.3 
8 244 32.6 28.6 27.5 24.4 23.8 
9 223 30.5 26.7 25.7 22.9 22.4 
10 204 28.4 24.9 23.9 21.4 20.8 
AVG 201 28.5 25.25 25.28 21.76 21.25 
2.0 40% M490 PRINTED WITH NO PROBLEMS 
TRKNO PRESSR WEDS THURS FRI MON TUES 
1 15.44 5.58 5.25 5.14 4.87 4.8 
2 15.29 5.47 5.16 5.08 4.79 4.72 
3 14.68 5.44 5.12 5.04 4.76 4.69 
4 14.3 5.49 5.12 5.08 4.8 4.73 
5 16.06 5.83 5.46 5.34 5.03 4.97 
6 16.24 5.87 5.51 5.4 5.08 5 
7 16.04 5.96 5.58 5.47 5.14 5.06 
8 13.51 5.41 5.09 4.99 4.7 4.63 
9 13.8 5.55 5.21 5.11 4.82 4.75 
10 14.87 5.77 5.41 5.29 4.98 4.92 
AVG 15.023 5.637 5.291 5.194 4.897 4.827 
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6.0 30% RAVEN16 PRINTED WITH NO PROBLEMS 
no PRESSR WEDS THURS FRI MON TUES 
1 NO 571 421 369 302 284 
2 READING 551 405 354 289 272 
3TRACKS 819 578 496 395 370 
4TOO 365 280 249 208 197 
5HIGH 471 354 310 255 241 
6FOR 506 377 329 268 253 
7METERS 633 463 402 324 305 
8" 502 379 333 273 257 
9' 844 596 510 399 373 
10' 517 383 334 269 256 
AVG 577.9 423.6 368.6 298.2 280.8 
5.0 40% RAVEN16 PRINTED WITH NO PROBLEMS 
TRKNO PRESSR WEDS THURS FRI MON TUES 
1 1537 107.9 87.2 79.4 68.4 65.4 
2 1085 81.8 67.2 61.7 53.5 51.2 
3 716 72.9 61.1 56.5 49.6 47.7 
4 982 85 70.1 64.4 56 53.6 
5 1190 96.3 78.3 71.3 61.1 58.4 
6 1391 103.9 84.2 76.5 65.2 62.7 
7 937 88.8 73 66.9 57.6 55.2 
8 1156 98.8 80.5 73.2 62.5 59.7 
9 748 89.9 74 67.6 58.5 56.1 
10 1018 97.2 79.3 70.9 61.7 59.1 
AVG 92.25 75.49 68.84 59.41 56.91 
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4.0 65% RAVEN16 PRINTED WITH NO PROBLEMS 
TRKNO PRESSR WEDS THURS FRI MON TUES 
1 2.63 1.67 1.61 1.58 1.55 1.53 
2 1.45 1.06 1.03 1.02 1.01 1 
3 1.87 1.26 1.22 1.2 1.18 1.17 
4 1.4 1.03 1 0.991 0.982 0.976 
5 1.61 1.13 1.1 1.09 1.07 1.07 
6 1.84 1.28 1.24 1.22 1.2 1.19 
7 1.89 1.3 1.26 1.24 1.21 1.2 
8 2.38 1.6 1.54 1.51 1.47 1.46 
9 2.72 1.76 1.69 1.65 1.61 1.59 
10 2.62 1.73 1.67 1.63 1.59 1.58 
AVG 1.382 1.336 1.3131 1.2872 1.2766 
8.0 30% M480 PRINTED WITH NO PROBLEMS 
TRKNO PRESSR WEDS THURS FRI MON TUES 
1 NO 180 149 138 119 115 
2 READING 179 149 138 119 114 
3TRACKS 163 138 128 111 107 
4TOO 176 147 137 117 113 
5HIGH 168 141 131 114 110 
6FOR 191 159 146 125 120 
7METERS 173 145 134 115 110 
8. 157 133 123 106 102 
9' 147 125 116 101 97.8 
10' 152 129 119 104 100 
AVG 168.6 141.5 131 113.1 108.88 
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7.0 40% M480 PRINTED WITH NO PROBLEMS 
TRKNO PRESS R WEDS THURS FRI MON TUES 
1 82.3 16 14.5 14 13.1 12.8 
2 84.2 16.9 15.4 14.9 13.8 13.5 
3 88.6 16.8 15.4 14.7 13.7 13.4 
4 66.2 17.2 15.7 15 14 13.6 
5 88.8 18.7 17 16.1 14.9 14.5 
6 92.2 19.2 17.3 16.6 15.3 15 
7 94.9 18.6 17 16.1 15 14.6 
8 92.3 19.1 17.3 16.5 15.2 14.8 
9 80 17.5 16 15.2 14.1 13.7 
10 70.9 19 17.1 16.3 15.2 14.6 
AVG 84.04 17.9 16.27 15.54 14.43 14.05 
10.0 30% VEG PRINTED WITH NO PROBLEMS 
TRKNO PRESSR THURS FRI MON TUES WEDS 
1 4660 202 166 135 126 122 
2 5880 217 176 142 132 127 
3 13100 282 224 176 162 156 
4 298 234 180 165 159 
5 442 332 245 222 212 
6 400 305 225 205 196 
7 8400 289 230 180 166 160 
8 473 355 262 238 227 
9 4300 183 147 116 108 103 
10 13480 260 203 157 144 138 
AVG 8303.33333 304.6 237.2 181.8 166.8 160 
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11.0 40% VEG PRINTED WITH NO PROBLEMS 
TRKNO PRESSR THURS FRI MON TUES WEDS 
1 85.4 15.9 14.2 12.7 12.1 11.8 
2 94.1 15.7 13.9 12.2 11.8 11.4 
3 82 15.1 13.5 11.9 11.5 11.1 
4 88 15.8 14 12.4 11.9 11.5 
5 86 16.9 14.9 13 12.5 12.1 
6 79.8 16.8 14.9 13.1 12.5 12.1 
7 112.7 19.2 16.9 14.1 14 13.5 
8 72 16.6 14.8 13 12.4 12.1 
9 106.1 18.2 16 13.9 13.4 12.9 
10 113.1 18.2 16 13.9 13.4 12.9 
AVG 91.92 16.84 14.91 13.02 12.55 12.14 
9.0 65% VEG PRINTED WITH NO PROBLEMS 
TRKNO PRESSR WEDS THURS FRI MON TUES 
1 0.753 0.597 0.581 0.574 0.566 0.563 
2 0.866 0.662 0.643 0.634 0.624 0.619 
3 1.12 0.818 0.79 o.n5 0.759 0.751 
4 1.85 1.2 1.14 1.12 1.08 1.07 
5 1.33 0.927 0.891 0.874 0.852 0.843 
6 1.41 0.979 0.939 0.92 0.896 0.887 
7 
8 
9 
10 
AVG 1.2215 0.86383333 0.8306667 0.816167 0.796167 0.788833 
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30%VEG 40%VEG 65%VEG 30%RAV 40%RAV 65%RAV 
Linearity Linearity Linearity Linearity Linearity Linearity 
>5% 2 2.4 >5 2 3 
>5% 1 2.8 >5 2 2.6 
>5% 0.65 4>5 2.2 2.25 
>5% 1.5 3.6 >5 2.5 3 
>5% 3.4 3.4 >5 4 3.5 
>5% 1.5 5>5 3.2 3 
>5% 3.6 >5 2.4 2.6 
>5% 2.25 >5 2.25 3 
3.50% 1.7 >5 3 
>5% 1.8 >5 
jAVG >5% 1.94 3.533333 7 2.56875 2.883333 
30%M480 40%M480 30%M490 40%M490 
Linearity Linearity Linearity Linearity 
4 1.6 1 1 
1.8 1.8 0.8 0.75 
3.4 0.5 1.4 1.25 
1.8 1.4 1.6 1.3 
4 1 2.2 1.1 
2.1 0.8 1.8 0.8 
1.4 1.6 1.1 1.2 
5.5 1.2 1.5 
3.2 0.9 1.3 
1.3 0.85 
jAVG 3.022222 1.21 1.414286 1.105 
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RESIST ANCES 
DAIP 30% 40% 50% 65% 
1 50.5 5.1 4 2.28 
2 40 4.89 4.42 2.15 
3 51.3 4.79 4.06 4.04 
4 38.7 4.37 4.48 3.96 
5 39.3 5.14 4.47 3.65 
6 51.5 4.89 4.92 2.15 
7 39.2 4.59 4.15 3.81 
8 48.9 4.41 4.41 3.91 
44.925 4.7725 4.36375 3.24375 
PHENOLIC 30% 40% 50% 65% 
1 6.16 1.59 1.92 1.35 
2 6.3 1.82 1.52 1.28 
3 6.54 1.74 1.87 1.26 
4 6.63 1.68 1.59 1.2 
5 6.18 1.54 1.79 1.29 
6 5.74 1.7 1.43 1.2 
7 6.29 1.77 1.76 1.17 
8 6.22 1.71 1.53 1.14 
AVG 6.2575 1.69375 1.67625 1.23625 
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VEG 
Unearity of mr842n 
DAIP 30% 40o/c 50% 65o/c 
1 9 2.4 1.4 4.4 
2 10.2 3.5 0.7 5.8 
3 6.2 2 1.2 4.1 
4 8.2 2.5 0.9 5.5 
5 6.2 1.9 0.6 4.6 
6 6 2.7 0.9 6.5 
7 6.1 3 0.8 4.2 
8 8.5 2.8 1.2 3.9 
7.55 2.6 0.9625 4.875 
7 1.94 0.4 3.533333 
PHENOLIC 30% 40o/c 50% 65o/c 
1 1.2 0.8 12 2.2 
2 2.2 0.6 0.9 3.2 
3 1.4 0.5 1.1 2.4 
4 2.1 0.9 1 2.2 
5 1.8 0.8 0.7 2 
6 1.7 1.2 0.8 2.5 
7 1 1.3 0.8 3.5 
8 0.8 1 1.1 2.2 
1.525 0.8875 0.95 2.525 
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LV Spindle number 2 
Table 10-1 
DIAL READINGS for 50% inks 
speed VEG Raven 14 Raven 16 Raven 22 Monarch 480 
10 1.5 1.5 1 1 3 
20 2.5 5.5 2 2.5 5 
50 5 9 5 6 9.5 
Monarch 490 Monarch 120 Lamp Black Printex 25 Raven 45C 
2.5 2.5 2 2.5 2 
4.5 4.5 4 4 4 
10 8.5 7 8.5 8 
Table 10-2 
DIAL READINGS 50% 
INKS 
speed DAIP PHENOLIC 
10 1.5 2 
20 2.5 5 
50 5 10 
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